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1. Introduction 

1.1 Tuberculosis 

1.1.1 Tuberculosis: an overview  

Tuberculosis (TB) is an infectious disease and a major cause of death still ranking among the 

leading causes of death worldwide1. The causative agent of TB, Mycobacterium tuberculosis 

(Mtb), is still considered one of the biggest infectious killers globally having caused 

approximately 1.5 million deaths in 2020 and ranking second after the severe acute respiratory 

syndrome – coronavirus 2 (SARS-CoV-2). Furthermore, it is estimated that Mtb has latently 

infected about a quarter of the world’s population, thereby presenting a major global health 

challenge1,2. The most common site of TB infection is the lung, but also extrapulmonary 

dissemination to other organs such as the central nervous system, abdomen, heart or skeletal 

system can occur3. While only a low percentage of infected individuals develop a symptomatic, 

primary pulmonary TB shortly after being infected with Mtb, the more common manifestation 

of TB is a post-primary pulmonary TB, which follows after a variably long period of clinically 

asymptomatic, latent TB infection (LTBI)4. Importantly, reactivation to an active form of 

disease only occurs in 5-10% of infected, immunocompetent individuals5. Clinically, TB 

manifests gradually over weeks and months in immunocompetent individuals, but in 

immunocompromised people or children, a more acute onset is possible6. Typical symptoms 

are productive cough, hemoptysis, breathlessness, weight loss, fever with night sweats and 

general malaise, which are also common symptoms of other diseases thereby often hampering 

rapid diagnosis of the TB7. The standard antibiotic treatment regimen against susceptible TB 

consists of a combination of the four first-line drugs isoniazid (INH), rifampicin (RIF), 

pyrazinamide and ethambutol over a period of 6 months8. The rising number of patients infected 

with drug-resistant TB represents a major challenge in the fight against TB. However, in 2020 

approx. 132 thousand new cases were diagnosed RIF-resistant (RR), or resistant to INH and 

RIF and classified as multidrug-resistant TB (MDR-TB)1. Importantly, treatment of drug-

resistant TB is of long duration and accompanied by severe side effects and toxicity, which 

results in sub-optimal outcomes and high mortality9.  

Taken together, to fight the global TB epidemic better diagnostic tools and improved therapies 

are needed to shorten treatment, reduce side effects and increase positive treatment outcomes. 

Moreover, a detailed understanding of TB pathogenesis is the key to improving TB treatment 

and will help develop innovative host-directed therapeutic approaches as an adjunctive 

treatment in combination with antibiotics.  
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1.1.2 Tuberculosis pathogenesis 

TB is an airborne disease transmitted by infectious aerosols ranging from 1-5µM in size. These 

aerosols are generated by individuals with active pulmonary TB through several aerosol-

producing respiratory activities such as coughing, sneezing, singing and talking10. Upon 

inhalation of infected aerosols, approximately 10% of the bacilli enter the bronchiole and 

alveoli of the respiratory tract, where they first encounter the alveolar macrophage (AM) (Fig. 

1). Subsequent uptake but failure to kill Mtb by the AM induces a localized inflammatory 

response, including the production of tumor necrosis factor (TNF), interleukin (IL)- 12, IL-6 

and IL-1, which leads to the recruitment of mononuclear cells to the site of infection forming 

innate immune cell aggregates (Fig. 1)11,12. Other types of innate immune cells infiltrating the 

site of infection are polymorphonuclear neutrophils (PMNs), which are described to increase 

the inflammatory nature of these granulomatous structures13. Apart from macrophages and 

PMNs and bridging the response of innate and acquired immunity, dendritic cells take up 

bacteria, dying cells and parts thereof, and subsequently migrate to regional draining lymph 

nodes, where they prime cells of the adaptive immune system such as B and T cells14. Upon 

activation and differentiation, T cells, most importantly T helper (Th) 1 and Th17 cells15, 

migrate to the infection site where they form a lymphocytic cuff at the periphery of the Mtb-

harboring macrophage center forming a fully organized granuloma. Importantly, the arrival of 

primed, Mtb-specific T cells is critical for the growth restriction of Mtb, which is not achieved 

by the early innate immune response alone14. This is due to interferon (IFN)-γ produced by Th1 

cells, which leads to activation and enhancement of host defense mechanisms that can control 

bacterial growth16–18. Apart from T cells, B cells are also found in the lymphocyte cuff of the 

human TB granuloma and described to execute immunomodulatory and regulatory functions 

(Fig. 1)19. While the mature granuloma, with its macrophage center surrounded by a rim of 

lymphocytes and enclosed by a fibrous cuff, is capable of containing Mtb infection, this process 

also involves constant cell death of infected cells and recruitment of uninfected macrophages, 

which take up the debris and bacterial contents of infected macrophages11,20 (Fig. 1). The 

recruitment of new immune cells is ensured by a high degree of vascularization mediated by 

e.g. the vascular endothelial growth factor21.  

At this stage, the infection reaches a latent state in most infected individuals, where the bacilli 

persist and replicate at a very low rate, but the infection remains contained to the granuloma 

and can even be resolved11,22. However, in 5-10% of immunocompetent individuals, the 

infection cannot be controlled resulting in the progression to an active form of disease23. This 

coincides with a reduction in vascularization, the disintegration of the highly organized wall 
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structure of the granuloma, and an increase in caseous debris deriving from the breakdown of 

infected macrophages in the center of the granuloma20,24. Furthermore, Mtb-induced 

dysregulation of macrophage lipid metabolism results in an increased formation of lipid-laden, 

foamy macrophages, which further contribute to the accumulation of caseum and provide host 

cell lipid substrates for Mtb growth11,22. An influx of neutrophils, which rapidly die of necrotic 

cell death and are unable to kill Mtb, are considered to enhance immunopathology and tissue 

damage11,20,25,26. This leads to the collapse of the granulomatous structure, release of virulent 

bacilli into the airways and extrapulmonary dissemination of the infection (Fig. 1)22,27.  

 

 

Figure 1: Schematic illustration of TB pathogenesis 

Mtb containing aerosols released from infectious individuals are inhaled and enter the lung, where they 

are taken up by alveolar macrophages. Upon the induction of a local inflammatory response, other 

macrophages and neutrophils are recruited to the site of infection generating an innate immune cell 

aggregate. The mature granuloma is fully developed upon activation of acquired immunity. B and T 

cells are recruited and form a rim of lymphocytes around a center, which contains several macrophage 

subtypes such as the foamy macrophage and giant cells, surrounded by a fibrous cuff. Disease 

reactivation leads to bacterial replication, followed by the collapse of the granulomatous structure and 

dissemination of bacilli11,14,22. 

 

While the reasons for the progression to an active TB are not fully understood, several 

mechanisms have been identified which promote reactivation of the disease. TNF is described 

to be critical for the initial and long-term control of TB, as it is required for granuloma formation 

and maintenance and together with IFN-γ leads to activation of macrophages12. This also 

becomes evident in patients with LTBI, who were subjected to treatment with TNF neutralizing 

antibodies and subsequently developed active TB28. Aside from that, IFN-γ has also been 
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described as pivotal for Mtb growth control, as humans deficient in either IFN-γ or IFN-γ 

receptor are more susceptible to Mtb infection29. This is further highlighted in HIV-positive 

individuals, where the lack of cluster of differentiation (CD) 4+ T cells drastically increases the 

likelihood of developing active disease30. Linked to IFN-γ production and TB reactivation is 

also the cytokine transforming growth factor (TGF) -β, which is expressed at high levels in the 

lung tissue of TB patients and suppresses T cell response and macrophage activation31. In 

summary, this supports the critical role of macrophage activation and function in the control of 

Mtb infection.  

 

1.1.3 Macrophages in tuberculosis 

Macrophages are key players in the control of Mtb infection. Upon interaction with and uptake 

of Mtb by macrophages, several cellular processes are known to be essential for a successful 

immune response, such as cytokine signaling, inflammasome activation, antigen, 

processing/presentation, phagosome maturation and cell death, are activated. However, 

although macrophages are generally equipped with a good arsenal for killing Mtb, the bacteria 

have developed several strategies to modulate macrophage response in order to survive and 

replicate in these cells32,33.  

For example, several structures on the mycobacterial envelope are preferentially recognized 

through phagocytic receptors such as the mannose receptor, Fc receptor and complement 

receptor, which are not coupled to strong activation of macrophage antimicrobial mechanisms. 

This may lead to impaired phagosome maturation and promote intracellular survival34–36. 

Furthermore, one critical response of macrophages induced by Mtb and promotes Mtb infection 

is the secretion of type-1-IFNs. Cytosolic recognition of mycobacterial structures or recognition 

through surface receptors induces type-1-IFN production and the overexpression of IFN 

response genes such as STATs, IRFs and IFITs has been observed37. Type-1-IFNs then induce 

cell death and dissemination of bacteria and thereby exacerbate TB pathology in vitro and in 

vivo38. Furthermore, high levels of type-1-IFNs impair the protective effect of IFN-γ signaling, 

which is required for macrophage activation of antibacterial defenses by increasing 

phagocytosis, phagolysosomal fusion, pro-inflammatory cytokines and oxidative burst and 

thereby restricting Mtb growth17,39,40. Another way of evading excessive T-cell mediated 

immunity and IFN-γ production by Mtb is the interference with macrophage antigen processing 

and presentation. Upon Mtb infection macrophages present Mtb antigens to CD4+ T-cells 

through the major histocompatibility complex (MHC) class II. However, Mtb-induced 
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interference with antigen processing and presenting as well as downregulation of MHC class II 

expression inhibits T-cell immunity against Mtb41. Taken together, Mtb-induced modulation of 

macrophage function allows mycobacterial persistence and growth. One critical aspect of 

macrophage function, which also directs the immune response to several stimuli including Mtb, 

is the macrophage energy metabolism2,42,43. It is now well appreciated that the metabolic state 

of macrophages influences their inflammatory phenotype. Pro-inflammatory, so-called M1 

macrophages are characterized by increased glycolytic metabolism and a broken tricarboxylic 

acid cycle (TCA). In contrast, anti-inflammatory, M2 macrophages rely on the metabolization 

of fatty acids and oxidative phosphorylation (OXPHOS) for energy production44. During TB, 

macrophages undergo metabolic alterations, which cause increased accumulation of lipids and 

differentiation into foamy macrophages. These macrophages are less microbicidal, show 

impaired anti-mycobacterial properties and fail to control the Mtb-infection45. Furthermore, 

intracellular Mtb utilizes host-derived lipids for persistence and subsequent necrosis of foamy 

macrophages contributes to the caseum formation at the center of the TB granuloma, which 

promotes extracellular growth of bacteria46. 

Collectively, Mtb-induced manipulation of macrophage function, including disruptions in 

bioenergetic metabolism, promotes bacterial persistence and growth in macrophages. The 

investigation of macrophage metabolism could provide a better understanding of the human TB 

pathology, therefore, bearing the chance to develop future treatment approaches for the 

disease47.  

 

1.2 Metabolism 

1.2.1 Cellular energy metabolism 

Cellular energy is produced through the oxidation of the three major fuels, namely 

carbohydrates, lipids and proteins. The free energy produced in these oxidation processes is 

ultimately stored in energy bonds within nucleoside phosphates such as adenosine 5′ 

diphosphate (ADP) and most importantly, adenosine 5′ trisphosphate (ATP)48. However, 

cellular metabolism also has functions beyond the mere production of energy, as evident by the 

synthesis of crucial metabolic intermediates, which contribute to cellular growth, 

differentiation, cell signaling pathways and immune cell function and response49–51. Metabolic 

pathways such as glycolysis and OXPHOS are two major processes producing energy and 

critical metabolic intermediates and thus define the metabolic signature of the macrophage 

response to various stimuli44.  
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1.2.1.1 Glycolysis 

Glycolysis has been described as one of the simplest ways for cells to produce energy44,52. Aside 

from its role in energy production, glycolytic intermediates are also involved in the biosynthesis 

of ribose, amino acids and lipids. For example, glycolysis also supplies the pentose phosphate 

pathway (PPP), which is critical for the biosynthesis of nucleotides and the production of 

nicotinamide adenine dinucleotide phosphate (NADPH)53. This is a molecule used by the 

NADPH oxidase for pathogen clearance and is required for the generation of the glutathione 

(GSH), which protects the cell from oxidative stress44,54,55.  

Taking place in the cytosol, glycolysis involves a series of 10 enzymatic reactions resulting in 

the conversion of one molecule of glucose into two molecules of pyruvate and two molecules 

of ATP and nicotinamide adenine dinucleotide (NADH)48. Following the uptake of glucose 

through several glucose transporters (GLUTs), which belong to the solute carrier family (SLC) 

and comprise 14 isoforms (SCLA1-14), followed by rapid phosphorylation to glucose-6-

phosphate (G-6-P) by hexokinases (HK) (Fig. 2)56,57. When not entering the PPP, isomerization 

of G-6-P and a second phosphorylation by phosphofructokinase (PFK) to form fructose-1,6-

biphosphate (F-1,6-BP) occur. Subsequently, the six-carbon sugar is ultimately cleaved into 

two molecules of the three-carbon glyceraldehyde-3-phosphate (GAP), which is 

phosphorylated by the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in a process that 

produces NADH44,58. Further metabolization leads to the formation of 3-phosphoglycerate (3-

PG) by the phosphoglycerate kinase (PGK) and ultimately the formation of pyruvate by the 

pyruvate kinase (PK), both being ATP-producing steps (Fig. 2)48,58.  

The cellular microenvironment determines further metabolization of pyruvate. For example, 

under anaerobic conditions or low NAD+ concentrations, pyruvate is reduced to lactate by 

lactate dehydrogenase (LDH) in a process called lactate fermentation and requires the oxidation 

of NADH to NAD+59,60. Importantly, lactate fermentation can also happen under aerobic 

conditions, which is known as the “Warburg effect” and was first discovered in rapidly growing 

cancer cells but is now also described in activated immune cells42,58,61. Alternatively, under 

normal physiological conditions, pyruvate is converted to acetyl-Coenzyme A (CoA), which is 

further metabolized through the TCA or OXPHOS in mitochondria resulting in the production 

of a total of 36 molecules of ATP per molecule glucose (Fig. 2)60,62.  
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Figure 2: Schematic illustration of glycolysis 

After uptake, glucose is metabolized through glycolysis in a series of enzymatic reactions resulting in 

the formation of pyruvate, ATP and NADH. Pyruvate can be converted to lactate or acetyl-CoA, the 

latter of which fuels the TCA and subsequently OXPHOS. Aside from that, glucose also feeds into the 

PPP required for NADPH formation and nucleotide biosynthesis53,58. 

 

1.2.1.2 Oxidative phosphorylation 

For a long time, mitochondria have been labeled the powerhouse of cells as they are the primary 

source of energy produced through OXPHOS. Prior to OXPHOS, several substrates derived 

from the breakdown of glucose, fatty acids and glutamine are metabolized through the TCA in 

a series of enzymatic reactions, which leads to the production of the NADH and flavin adenine 

dinucleotide (FADH2)
63,64. NADH and FADH2 then transfer electrons to the electron transport 

chain (ETC), which are transported through several multimeric complexes along the ETC, 

generating a proton gradient that is used for the synthesis of ATP65. OXPHOS can only occur 

in aerobic conditions, as the last step of OXPHOS requires the reduction of oxygen (O2) to 

H2O
66.  

In the first step, NADH and FADH2 transfer electrons to complex I (NADH: ubiquinone 

oxidoreductase) and complex II (succinate dehydrogenase) of the ETC, respectively (Fig. 3). 

These electrons are next supplied to the Q cycle, where the ubiquinone is reduced to ubiquinol67. 

Subsequently, in complex III (ubiquinol- cytochrome c oxidoreductase) electrons from 

ubiquinol are transferred to cytochrome c (C) in a process that is again linked to the transfer of 

protons into the IMS68. Ultimately, electrons are passed on from cytochrome C to the complex 

IV (cytochrome c oxidase), where they are used to reduce the final electron acceptor oxygen to 

water48. Importantly, this transport of electrons along the ETC is coupled to the translocation 
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of protons from the mitochondrial matrix into the inner membrane space (IMS), in complex I 

and III and complex IV65–67. This results in the formation of an electrical potential and a proton 

gradient (ΔpH) over the inner mitochondrial membrane generating the mitochondrial 

membrane potential (Δ𝜳). Complex V, which is an ATP synthase, uses this Δ𝜳 to produce 

energy69. Protons, driven by the Δ𝜳, re-enter the mitochondrial matrix through complex V, 

which is an ATP synthase, causing conformational rearrangements that allow the synthesis of 

one molecule ATP from 4 protons, that translocate along the Δ𝜳 (Fig. 3)48,69.  

 

 

Figure 3: Schematic illustration of the electron transport chain 

NADH and FADH2 produced in the TCA transfer electrons to complex I and complex II of the ETC, 

respectively. After entering the Q cycle electrons are further transferred from complex III to cytochrome 

C and are ultimately passed on to complex IV, where the final electron acceptor O2 is reduced to H2O. 

This electron transferring process is coupled to the translocation of H+ from the mitochondrial matrix 

to the IMS in complexes I, III and IV. H+ translocate back to the mitochondrial matrix coupled to the 

production of ATP in complex V48,69. 

 

OXPHOS, while being approximately 100 times slower than glycolysis, can result in the 

production of approximately 36 molecules of ATP from one molecule of glucose70. This 

stoichiometry changes even more when other substrates, such as fatty acids fuel OXPHOS, 

highlighting the efficiency of OXPHOS70. Importantly, not all the potential energy deriving 

from the electron transport across the ETC is fully converted into ATP. Processes such as proton 

leak or electron slipping can lead to uncoupling of the substrate oxidation from ATP 

synthesis71,72. Furthermore, leak of electrons from the ETC can result in the production of 

reactive oxygen species (ROS), such as superoxide anion O2-, which is an important signaling 

molecule, but can also be harmful when produced excessively67,71. While mitochondria are 

highly dynamic organelles and constantly undergo structural changes to adapt to bioenergetic 
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demands, mitochondrial damages can also lead to cell death. Processes like mitochondrial 

fusion and fission to remove damaged mitochondria or propagate mitochondria under 

conditions of high energy demand aim to maintain and regulate mitochondrial function and cell 

fate73. Collectively, mitochondrial homeostasis is critical for cellular health and function and 

dysregulations in mitochondrial metabolism can have detrimental effects on immune cells. 

 

1.2.2 Lipid metabolism 

Fatty acids are one major substrate fueling energy metabolism in macrophages. Lipid 

homeostasis is critical for macrophage function, as dysregulations of fatty acid metabolism are 

found in many inflammatory diseases and can lead, for example, to increase the accumulation 

of fatty acids and formation of lipid-laden, foamy macrophages74. Structurally, fatty acids 

consist of an aliphatic chain of methylene groups of diverse length (usually 2-36 carbon atoms) 

with a carboxyl group on one end of the chain. Depending on their length, they can be 

categorized into short or long-chain fatty acids and determined by the number of double bonds 

be classified into unsaturated, monosaturated and polyunsaturated fatty acids75. Functionally, 

apart from providing energy for cells, fatty acids are also crucial in the synthesis of lipid 

mediators, they are the building blocks of membrane lipids, act as metabolic regulators and can 

modulate gene expression and survival pathways76,77. In general, fatty acid metabolism can be 

separated into the synthesis of fatty acids and the degradation thereof. 

 

1.2.2.1 Fatty acid synthesis 

Fatty acids can be either synthesized de novo or can be taken up from the environment. De novo 

synthesis of fatty acids involves the enzyme acetyl-CoA carboxylase (ACC) 1, which converts 

acetyl-CoA to malonyl-CoA, and the fatty acid synthase (FASN), which catalyzes the formation 

of long-chain fatty acids from acetyl-CoA and malonyl-CoA through several rounds of 

elongation (Fig. 4)78. Interestingly, however, some studies also suggest that de novo synthesis 

of fatty acids is a common feature of highly proliferating cells, such as cancer cells, or in 

macrophages during atherosclerosis or under hypoxic conditions79–81. Alternatively, exogenous 

fatty acids can be taken up in a process that is facilitated by several integral or membrane-

associated proteins, such as the fatty acid transport proteins (FATP) 1-6 and the scavenger 

receptor CD36 (Fig. 4)82. Aside from that, transmembrane diffusion was also described as a 

way to take up dietary fatty acids. In this process, fatty acid of the polar head reorient from the 

aqueous interface to the opposite interface (“flip-flop”)83. Upon entry or de novo synthesis, non-

esterified, free fatty acids (FFA), are rapidly esterified with CoA to form acyl-CoAs mediated 
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by the long-chain acyl-CoA synthetase ligases (ACSLs) before they can undergo any further 

metabolic processing84. Once esterified, fatty acids can be further elongated in an enzymatic 

reaction that is catalyzed by the elongation of very-long-chain fatty acids protein (ELOVL)85,86. 

The activity of fatty acid desaturase (FADS) can further alter the structure of fatty acids by 

introducing carbon double bonds and thereby leading to the formation of mono- and 

polyunsaturated fatty acids87. The traffic of fatty acids within the cell is mediated by fatty acid-

binding proteins (FABPs), which facilitate the transport of fatty acids to specific organelles 

such as lipid droplets, the ER and mitochondria77.  

 

 

Figure 4: Schematic illustration of the cellular fatty acid metabolism 

FFA are either taken up or synthesized de novo, esterified to acyl-CoA by ACSL and subsequently 

elongated and/or desaturated by ELOVL and FADS, respectively. Fatty acyl-CoA are transported to 

other organelles mediated by FABP and can be incorporated into complex neutral lipids such as DAGs, 

TAGs and CEs, which are stored in LDs. Acyl-CoAs can be released from neutral lipids by lipases and 

transported into mitochondria mediated by the carnitine shuttle. Degradation of fatty acids through β-

oxidation occurs in 4 enzymatic steps generating acetyl-CoA, which enters the TCA and thereby fuels 

OXPHOS and mitochondrial ATP production. 

 

After synthesis and esterification, fatty acids can be incorporated into complex lipids such as 

membrane lipids or neutral lipids, which are synthesized at the endoplasmic reticulum (ER), 

but also in mitochondria88,89. The first step in de novo lipid synthesis involves the transfer of 

fatty acyl chains to glycerol-3-phosphate (G-3-P) catalyzed by the family of glycerol-3-

phosphate acyltransferases (GPATs), localized to the ER- and mitochondrial membrane to form 

phosphatidic acid (PA)90. PA is further metabolized to diacylglycerol (DAG), which is a major 
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precursor for phospholipids and triacylglycerol (TAG) synthesis90,91. TAGs are formed through 

further esterification of a third acyl-CoA chain to DAG by the diacylglycerol-O-

acyltransferases 1 and 2 (DGAT1 and 2), which is localized in the ER 91. Also, localized in the 

ER is the synthesis of cholesterol esters (CEs), which involves the esterification of one fatty-

acyl-CoA to cholesterol by the acyl-CoA: cholesterol acyltransferase (ACAT)92. The newly 

synthesized TAGs, DAGs and CEs are then stored in lipid droplets (LDs), the intracellular 

storage organelles for fatty acids, and can be used at later times for energy production through 

fatty acid oxidation (FAO) or for other cellular functions (Fig. 4)93. 

 

1.2.2.2 Fatty acid degradation 

As described before, fatty acids are also an important source of energy, as degradation of fatty 

acids through FAO. This results in the production of NADH and FADH2 and acetyl-CoA, which 

is supplied to the TCA94. Fatty acids as energy substrates can be provided by the hydrolysis of 

fatty acids from neutral lipids in a process called lipolysis. This process is catalyzed by lipases 

such as the adipose triglyceride lipase (ATGL) and the hormone-sensitive lipase (HSL), which 

each hydrolyze one fatty acid chain from TAG and DAG, respectively (Fig. 4)95. These fatty 

acids are again esterified by ACSL transported across the mitochondrial membrane using the 

carnitine shuttle system. This transport process requires the conjugation of long-chain acyl-

CoAs to carnitine mediated by the carnitine-palmitoyl transferase 1 (CPT1) located in the outer 

mitochondrial membrane. Acyl-carnitines then cross the inner mitochondrial membrane 

through a translocase and free acyl-CoAs are released into the mitochondrial matrix mediated 

by CPT2 located at the inner mitochondrial membrane, while free carnitine is transported back 

into the cytoplasm. Once in the mitochondria, fatty acids are oxidized in a sequence of 4 

enzymatic steps: the dehydrogenation by the acyl-CoA dehydrogenase (ACAD) resulting in the 

formation of FADH2, hydration by the enoyl-CoA hydratase, another dehydrogenation by the 

hydroxy acyl-CoA dehydrogenase (HADH) producing NADH and ultimately the thiolic 

cleavage into a two-carbon chain-shortened acyl-CoA and acetyl CoA. The resulting shortened 

acyl-CoA can then enter this process again until the fatty acid is fully degraded94,96. Aside from 

mitochondria, peroxisomes also partake in the degradation of fatty acids. However, the first 

step in peroxisomal fatty acid degradation is mediated by acyl-CoA oxidases (ACOXs), which 

directly donate the produced electrons to O2 without producing FADH2. Furthermore, 

peroxisomal beta-oxidation can either shorten fatty acids or fully degrade them to acetyl-CoA., 

which are then transferred to mitochondria for full degradation through the TCA and OXPHOS 

(Fig. 4)96. In summary, acetyl-CoA produced by both, mitochondrial and peroxisomal FAO, 
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ultimately fuels the TCA, which provides further reducing equivalents for the ETC94,96. Apart 

from producing energy, FAO has also been described to be critical for regulating NADPH 

levels, thereby contributing to maintaining cellular redox homeostasis, and FAO-derived 

carbon also contributes to replenishing the TCA to fuel de novo nucleotide synthesis97,98. 

Therefore, in healthy cells, an equilibrium of the synthesis and degradation of fatty acids is 

required to maintain energy levels and cellular function. Disruptions in FAO can result in 

increased accumulation of fatty acids, increased LD formation and lipid overload, which can 

cause cellular dysfunction and cell death99,100. Particularly in macrophages disruptions in lipid 

homeostasis have been described to promote differentiation into foamy macrophages, which 

are characterized by increased accumulation of LDs. Furthermore, these foam cells are 

associated with chronic inflammation and increased pathology in cancer, as well as metabolic, 

infectious and autoimmune disorders74.  

 

1.2.3 Lipid droplets 

For a long time, LDs have been simply considered as cytoplasmic inclusions of fat, however, 

in recent years the knowledge about the function and role of LD has expanded93. They are not 

only involved in the storage of fatty acids and hubs for fatty acid trafficking but are also storage 

organelles for antimicrobials and proteins. In addition to that, they act as organizing platforms 

for immune cell signaling, manage stress responses, act as redox and energy buffers and 

function in RNA biology93,101–104.  

Structurally, LDs consist of a central, hydrophobic core of TAGs, DAGs, CEs and FFA, which 

is surrounded by a monolayer of amphipathic phospholipids (PLs) and proteins105. The 

formation of LDs starts at the ER, where also the neutral lipid synthesizing enzymes DGAT1 

and 2 and ACAT enzymes are localized106 (Fig. 5). Accumulation of neutral lipids between the 

two leaflets of the ER lipid bilayer leads to the formation of a lens of neutral lipids, named pre-

LDs, which grow with the arrival of more neutral lipids. The decreased bilayer tension at the 

cytoplasmic monolayer caused by ER proteins and lipids, such as lyso-PLs, as well as increased 

bilayer tension at the lumenal layer then lead to the unidirectional growth of LD into the 

cytoplasm. In consequence, a spherical structure containing neutral lipids surrounded by the 

outer layer of the ER is formed representing the budding LD. Subsequently, surface tension and 

lipid composition at the LD budding side are considered to drive the LD growth and scission 

process, as in higher eukaryotes no protein responsible for the separation of the nascent LD has 

been identified yet106,107.  
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Figure 5: Schematic illustration of the LD formation 

1) Localized neutral lipid synthesis between the 

leaflets of the ER membrane leads to the 

accumulation of lipids and lens formation. 2) 

Decreased tension of the cytoplasmic layer of the 

membrane, mediated by lyso-PLs leads to 

unidirectional growth of the LD. 3) and 4) A neck is 

formed where the spherical LD starts budding off 

and ultimately completely separates from the 

ER106,107. 

 

 

 

 

Once matured and fully separated from the ER, further LD growth can occur through protein-

mediated interaction and fusion of two LDs or local lipid synthesis on LDs using lipid metabolic 

enzymes localized to the LDs. Similarly, they can also decrease in size by the activity of the 

LD-localized lipases ATGL and HSL or are completely degraded through lipophagy93,108. 

Importantly, LDs can vary greatly in size generally ranging from 20nm to up to 5µm in non-

adipocytes, but they also vary in their number and spatial organization109. These parameters 

also determine the function of the LDs, as for example in adipocytes, few and very large LDs 

function primarily for long-term lipid storage110. Aside from size and number, LDs can differ 

strongly in their lipid and protein composition, which significantly affects LD functionality. 

The majority of PLs are phosphatidylcholines found in the membrane monolayer of LDs, also 

phosphatidylethanolamine (PE), phosphatidylinositol (PI), phosphatidylserine (PS) and 

sphingomyelin (SM). Of note, changes in the PL ratios affect LD synthesis, size and 

degradation111. In line with that, the neutral lipid composition is linked to the recruitment of the 

perilipins (PLINs) 1-5, which are major LD-associated proteins, which exert numerous 

functions such as stabilizing LD structure, lipolysis, lipid mediator production and also mediate 

direct interaction with mitochondria93,112. The movement of LDs required for interaction with 

other organelles can occur randomly over short distances. However, they can also be 

transported bi-directionally over longer distances, a process mediated by the cytoskeleton and 

motor proteins such as dynein and kinesin, which associate with LDs. Due to the movement of 

LDs, the spatial organization of LDs within the cell is directed, which can vary strongly 

depending on the cell type and function of the cell109. In summary, LDs show a high degree of 

diversity, which is linked to the diverse functions of LDs within different cell types and tissues.  
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1.3 The role of metabolism during Mtb infection 

In TB, energy metabolism, particularly fatty acid metabolism, plays a critical role, as 

dysregulation in fatty acid metabolism leads to the formation of foamy macrophages11,22,22. 

Although foamy macrophages, which are characterized by the accumulation of fatty acids and 

LDs, are a cellular hallmark of the human TB granuloma, little is known about the metabolic 

alterations in macrophages during Mtb infection22.  

Transcriptional profiling of murine lung tissue identified an upregulation of glycolytic genes 

upon Mtb infection, suggesting an Mtb-induced shift towards aerobic glycolysis, which was 

also corroborated in vitro in human and murine macrophages42,113,114. In contrast to that, another 

recent study using extracellular flux analysis in primary human macrophages showed that 

virulent Mtb induces a decrease in bioenergetic metabolism including glycolysis, an effect not 

observed when using avirulent Mtb strains115. Looking at macrophage lipid metabolism, 

characterization of macrophages isolated from Mtb-infected mouse lungs showed that alveolar 

macrophages committed to FAO demonstrate an increased bacterial burden and reduced 

effector functions114. This was corroborated in vitro in murine macrophages, where inhibition 

of FAO results in decreased bacterial growth116. In contrast to that, a recent in vitro study in 

murine macrophages showed that Mtb-induced expression of the Wnt family member 6 

(WNT6) leads to downregulations of factors involved in FAO thereby promoting lipid 

accumulation and Mtb growth117. This is in line with the observation in human macrophages 

showing that Mtb infection interferes with FAO in a hypoxia-inducible factor (HIF)-1- 

dependent manner in alternatively activated macrophages, thereby promoting the foamy 

phenotype of human macrophages45.  

These partly contradicting results in both, the human and murine system, highlight the need for 

further detailed characterization of macrophage metabolism, particularly fatty acid metabolism 

during Mtb infection. Furthermore, there is only little information regarding the exact role and 

composition of LDs during Mtb infection. The observation that the accumulation of LDs in 

macrophages promotes Mtb infection has been substantiated by studies showing that Mtb uses 

host-derived fatty acids as a nutrient source and that Mtb-containing phagosomes localize to 

LDs117–119. However, recent findings of nonconventional roles of LDs suggest that they might 

also exert other functions beyond the storage of lipids, such as immunomodulatory functions, 

as has been proposed before101. However, a more detailed characterization of LDs is required 

to better understand their function and structural composition during Mtb infection. 
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2. Objectives  
As described above, macrophages undergo significant metabolic reprogramming when infected 

with Mtb. Dysregulation of lipid metabolism is linked to the accumulation of LDs and 

differentiation of macrophages into foam cells, which are a hallmark of the human TB 

granuloma. Although of critical importance, the metabolic alterations caused by an Mtb 

infection, particularly in human macrophages, are not well studied. Furthermore, the structure 

and composition of LDs, the intracellular storage organelles of lipids, have not been 

characterized well during Mtb infection.  

In this doctoral study, human monocyte-derived macrophages (hMDMs) were used to study the 

effect of an infection with live, virulent Mtb on macrophage metabolism. To this end, hMDMs 

were infected with Mtb H37Rv and analyzed using several approaches including mass 

spectrometry-based approaches, flow cytometry as well as real-time extracellular flux analysis 

to analyze the following aspects: 

• How is glycolytic and respiratory metabolism affected by an infection of hMDMs with 

Mtb? 

• How does Mtb infection influence intracellular fatty acid and lipid metabolism in 

hMDMs? 

 

In addition to that, this project also aimed to isolate and characterize LDs from hMDMs in order 

to address the following points:  

• How can LDs be successfully isolated from primary human macrophages? 

• How does Mtb infection influence the neutral lipid and protein composition of isolated 

LDs? 
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3. Materials and Methods 

3.1 Materials 

Table 1:List of reagents and disposals 

Material Manufacturer 

1.5ml protein low bind tubes Eppendorf, Hamburg, Germany 

16G needle Becton Dickinson, Heidelberg, Germany 

2-Deoxyglucose Thermo Scientific, Waltham, USA 

2-Mercaptoethanol Sigma-Aldrich, St. Louis, USA 

50ml Luer Lock Spritzen  Becton Dickinson, Heidelberg, Germany 

96-well-plates; flat bottom Corning, New York, USA 

96-well-plates; round bottom Corning, New York, USA 

Absolut ethanol for molecular biology APPLICHEM, Darmstadt, Germany 

Acrylamid/Bis solution 37,5:1 Serva Electrophoresis GmbH, Heidelberg, 

Germany 

Albumin (BSA) Fraction V (pH7,0) APPLICHEM, Darmstadt, Germany 

Antimycin A from Streptomyces sp. Sigma-Aldrich, St. Louis, USA 

APS Sigma-Aldrich, St. Louis, USA 

Aqua Ecotainer® Braun, Melsungen, Germany 

BCA Protein Assay Kit Thermo Scientific, Waltham, USA 

BHT (2,6-Di-tert-butyl-4-methylphenol) Sigma-Aldrich, St. Louis, USA 

Blunt needle 27G, Endospülkanüle M+W Dental, Illnau, Swizzerland;  

BODIPYTM 493/503 Thermo Scientific, Waltham, USA 

Boric acid Carl-Roth, Karlsruhe, Germany 

Bovine serum albumin (LE) Sigma-Aldrich, St. Louis, USA 

Bromphenol blue sodium salt Carl-Roth, Karlsruhe, Germany 

Calf Serum Serana Europe GmbH, Pessin, Germany 

Casy Kapillar-und Systemreiniger Roche, Basel, Switzerland  

Cell scraper VWR,Radnor, USA 

Corning costar Stripette (5ml, 10ml, 25ml) Corning, New York, USA 

Corning® 96 well microplates Sigma-Aldrich, St. Louis, USA 

Costar Stripette™, 10ml  Corning, New York, USA 

Costar Stripette™, 25ml  Corning, New York, USA 

Costar Stripette™, 5ml  Corning, New York, USA 

Deckel für Küvetten Th.Geyer GmbH, Renningen, Germany 

D-glucose, cell culture grade  APPLICHEM, Darmstadt, Germany 

DifcoTM Middlebrook 7H10 Agar Becton Dickinson, Heidelberg, Germany 

DifcoTM Middlebrook 7H9 Broth Becton Dickinson, Heidelberg, Germany 

Dilution solution Casy Cellpack Sysmex Corporation, Kobe, Japan 

Dimethylsulfoxide for cell culture APPLICHEM, Darmstadt, Germany 

Direct-zolTM RNA MiniPrep Zymo Research, Irvine, Canada; 

DL-Dithiothreitol Sigma-Aldrich, St. Louis, USA 
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Dodecysulfate-Na-salt in pellets Serva Electrophoresis GmbH, Heidelberg, 

Germany 

DRAQ7TM  Abcam, Cambridge, UK 

Dulbecco’s PBS (10x) Biochrom, Berlin, Germany 

ECL Kit GE Healthcare, Illinois, USA 

Eppendorf® Safe-Lock microcentrifuge 

tubes (1.5ml, 2ml) 

Sigma-Aldrich, St. Louis, USA 

Eppendorf®Combitips advanced 0.25ml VWR,Radnor, USA  

Eppendorf®Combitips advanced 0.5ml Eppendorf, Hamburg, Germany  

Ethanol non-denatured Walther CMP GmbH, Kiel, Germany 

Ethylenediamine tetraacetic acid disodium 

(Na2-EDTA) 

Carl-Roth, Karlsruhe, Germany 

Falcon® 5ml polystrene round-bottom Corning, New York, USA 

FCCP Cayman Chemical , Ann Arbor, USA 

FCS Standard South America sterile filtered  Pan-Biotek, Aidenbach, Germany 

Filter Tip 10-1000µl Nerbe plus, Winsen, Germany 

Filtropur S 0.2 syringe filter Sarstedt, Nümbrecht, Germany 
 

Glaspasteurpipetten Brand, Wertheim, Germany 

Gloves, powder free nitrile VWR,Radnor, USA  

Glycerol Carl-Roth, Karlsruhe, Germany 

Glycine, analytical grade Serva Electrophoresis GmbH, Heidelberg, 

Germany 

HBSS Pan-Biotek, Aidenbach, Germany 

Hydrochloric Acid 1mol/l APPLICHEM, Darmstadt, Germany 

InnuPREP DNA mini kit Analytik Jena, Jena, Germany  

Inoculation loop with needle Brand, Wertheim, Germany  

Küvetten Sarstedt, Nümbrecht, Germany 

L-Glutamine Pan-Biotek, Aidenbach, Germany 

LiChrosolv® Methanol MERCK MILLIPORE, Darmstadt, Germany 

LightCycler®480 multiwell plate 96, white Roche, Basel, Switzerland  

LightCycler®480 sealing foil Roche, Basel, Switzerland  

LightCycler®480 SYBR Green I Master Roche, Basel, Switzerland  

Lipid droplet isolation kit Cell Biolabs Inc., San Diego, USA 

Methanol MERCK MILLIPORE, Darmstadt, Germany 

Microtube 1.5ml Sarstedt, Nümbrecht, Germany 

Mini Cell scrapers Biotium, Freemont, USA 

MitoTrackerTM Deep Red FM Thermo Scientific, Waltham, USA 

Multiply®PCR strips, 0.2ml chain Sarstedt, Nümbrecht, Germany 

Multiply®-Pro tube 0.5ml Sarstedt, Nümbrecht, Germany 

NalgeneTM square bottles Thermo Scientific, Waltham, USA 

NaOH 1N Carl-Roth, Karlsruhe, Germany 

Neubauer Zählkammer NeoLab Migge GmbH, Heidelberg, 

Germany 
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Nunc® Cyro Tubes® Sigma-Aldrich, St. Louis, USA 

NunclonTM Delta surface petridish Thermo Scientific, Waltham, USA 

NunclonTM Delta surface, 24-well Thermo Scientific, Waltham, USA 

NunclonTM Delta surface, 6-well  Thermo Scientific, Waltham, USA 

NuncTM 48 and 96 well multidishes Thermo Scientific, Waltham, USA 

NuncTM cell culture Petri dish Thermo Scientific, Waltham, USA 

OADC (oleic acid, albumin, 

dextrose, catalase) 

Becton Dickinson, Heidelberg, Germany 

Oleic acid APPLICHEM, Darmstadt, Germany 

Oligomycin Cayman Chemical, Ann Arbor, USA 

PageRulerTM Plus prestained Protein Ladder Thermo Scientific, Waltham, USA 

Palmitic acid Sigma-Aldrich, St. Louis, USA 

Pancoll Pan-Biotek, Aidenbach, Germany 

Paraformaldehyde, methanol free Alfa Aesar, Massachusetts, USA  

Penicillin-Streptomycin Pan-Biotek, Aidenbach, Germany 

peqGOLD TriFast VWR, Radnor, USA  

Petridish 92x16mm  Sarstedt, Nümbrecht, Germany 

Pipet reservoir NeoLab Migge GmbH, Heidelberg, 

Germany 

Pipette tip, 1000µl Sarstedt, Nümbrecht, Germany 

Pipette tip, 20µl Sarstedt, Nümbrecht, Germany 

Pipette tip, 200µl Sarstedt, Nümbrecht, Germany 

Pipette tips, no filter; 10 - 1000 μl Sarstedt, Nümbrecht, Germany 

Ponceau S solution Sigma-Aldrich, St. Louis, USA 

Protease Inhibitor Cocktail Tabletten Roche, Basel, Switzerland  

PVDF-Membran Immobilo P MERCK MILLIPORE, Darmstadt, Germany 

Recombinantes humanes MCSF R&D Systems, Minneapolis, USA 

Rhodamine 123 Thermo Scientific, Waltham, USA 

Rollerbottles Corning, New York, USA 

Rotenone Abcam, Cambridge, UK 

RPMI 1640 VLE Pan-Biotek, Aidenbach, Germany 

SafeSeal microtube 2ml Sarstedt, Nümbrecht, Germany 

Screw Cap tube, 15ml Sarstedt, Nümbrecht, Germany 

Screw Cap tube, 50ml Sarstedt, Nümbrecht, Germany 

Seahorse XF DMEM medium, pH7.4 Agilent Technologies, Santa Clara, USA 

Seahorse XFe96 FluxPak Agilent Technologies, Santa Clara, USA 

Sealing foil Kisker Biotech GmbH, Steinfurt, Germany 

Sodium chlorid 99,9% APPLICHEM, Darmstadt, Germany 

Sodium hydrogen carbonate MERCK MILLIPORE, Darmstadt, 

Germany 

Solution 555 rotor cleaning concentrate Beckman Coulter, Brea, USA 

SuperBlockTM Blocking Buffer (TBS) Thermo Scientific, Waltham, USA 

Syringe, 1ml Becton Dickinson, Heidelberg, Germany 
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TEMED APPLICHEM, Darmstadt, Germany 

Tissue culture flask T25, stand. vent. cap Sarstedt, Nümbrecht, Germany 

Tissue culture flask T75, stand. vent. cap Sarstedt, Nümbrecht, Germany 

Tissue culture plate 96well Standard F Sarstedt, Nümbrecht, Germany 

Tissue culture plate 96well Standard R Sarstedt, Nümbrecht, Germany 

Transferpipetten 3,5ml Sarstedt, Nümbrecht, Germany 

TRIS PUFFERAN® Carl-Roth, Karlsruhe, Germany 

TritonTM X-100 Sigma-Aldrich, St. Louis, USA 

Trypanblau, 0,5% Biochrom, Berlin, Germany 

Tween® 20 molecular biology grade ChemSolute®; Renningen, Germany 

TWEEN®80 Sigma-Aldrich, St. Louis, USA 

UltraPureTM agarose Carl-Roth, Karlsruhe, Germany 

Vue life cell culture bags  Cellgenix, Freiburg, Germany 

 

Table 2: List of buffers and solutions 

Name Ingredients 

5x TBE 108 g TRIS PUFFERAN® 

55 g Boric acid 

5.8 g Na2-EDTA 

Ad 2 litres ddH2O  

Adjust to pH8 

7H10 agar plates 19 g Difco Middlebrook 7H10 Agar 

900 ml ddH2O 

5 ml glycerol 

100 ml bovine serum 

Cell culture medium VLE-RPMI (1640) 

+10% FCS 

+1% L-Glutamine 

10xElectrode Buffer 30g Tris base 

144g Glycin 

auf 1L ddH2O 

Blotting Buffer 100ml 1xElectrode buffer 

100ml MeOH 

800 ml ddH2O 

Running Buffer 100ml 1xElectrode buffer 

10ml SDS (10%) 

890 ml ddH2O 

4x Lämmli Buffer 3 ml ddH2O 

1ml TRIS base (pH 6.8) 

1.6ml glycerol 

1.64ml SDS (10%) 

0.4ml β-mercaptoethanol 

Small crumb of bromophenolblue 
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10xTBS 24.2g TRIS base 

80.0g NaCl 

in 1l ddH2O 

pH adjusted to 7.6 using 1M HCl 

1xTBS-T 100ml TBS (10x) 

900ml ddH2O 

0.1% Tween-20 

8x SDS Lysis Buffer 16%SDS,  

1M Tris 

160mM DTT (added freshly) 

in ddH2O 

pH adjusted to 7.8 using 1M HCl 

 

SDS-PAGE Gel (1.5mm Thickness) Stacking gel (5%): 

3.075 ml ddH2O 

1.25ml Tris/HCl (0.5M) 

0.625ml Acrylamid 

0.050ml SDS (10%) 

0.015ml TEMED 

0.025ml APS (10%) 

 

Resolving gel (12%): 

3.75 ml ddH2O 

2.125ml Tris/HCl (1.5M) 

2.55ml Acrylamid 

0.085ml SDS (10%) 

0.015ml TEMED 

0.025ml APS (10%) 

 

Table 3: List of instruments and devices 

Instrument Manufacturer  

Autoclave Systec DX-150 Systec GmbH, Münster, Germany 

Avanti J 26S XP Beckman Coulter, Brea, USA 

Balance Sartorius AG, Göttingen, Germany 

Binder CO2 Incubator Binder GmbH, Tuttlingen, Germany 

Biometra TAdvanced Analytik Jena, Jena, Germany 

Block Thermostat QBD1 Grant Instruments, Shepreth, UK 

Casy2 Modell TT Schärfe System GmbH, Reutlingen, 

Germany 

Centrifuge 5430R Eppendorf, Hamburg, Germany 

ChemiDocTM Touch Imaging System BIO-RAD, Hercules, USA 

Cytation 1Cell Imaging Reader BIOTEK, Winooski, USA 

DeNovix DS-11+ Spectrophotometer DeNovix Inc., Wilmington, USA 
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Eppendorf Multipette®Xtream Eppendorf, Hamburg, Germany 

Eppendorf Research Pro multichannel 

pipette 

Eppendorf, Hamburg, Germany 

FACS Canto ll Becton Dickinson, Heidelberg, Germany 

Hera Freeze HFU T Series -80°C freezer Thermo Scientific, Waltham, USA 

HeraCell 240 Incubator Thermo Scientific, Waltham, USA 

HeraeusFresco™ 21 benchtop centrifuge Thermo Scientific, Waltham, USA 

Herasafe safety cabinet Heraeus Instruments, Hanau, Germany 

Hettich® Rotanta 460R Hettich, Tuttlingen, Germany 

Hund Wetzlar mikroscope h500 Helmut Hund GmbH, Wetzlar, Germany 

Julbalo TW12 waterbath Julabo, Seelbach, Germany 

LightCycler 480 Roche, Basel, Switzerland 

Magnetrührer IKA-Werke GmbH, Staufen, Germany 

MasterflexL/S easy-load II Model 77200-60 Masterflex, Gelsenkirchen, Germany 

MiniSpin® centrifuge Eppendorf, Hamburg, Germany 

NanoDropTM 1000 Thermo Scientific, Waltham, USA 

Nikon Eclipse TS100 microscope Nikon, Minato, Japan 

Odyssey CLx® imaging system LI-COR, Hercules, USA 

pH-Meter Mettler-Toledo, Columbus, USA 

Pipetboy acu Integra Bioscience, Zizers, Switzerland 

Pipettes (10, 100, 200, 1000µl) Eppendorf, Hamburg, Germany 

PowerPac Bio-Rad Laboratories, Hercules, USA 

S1 Pipet Filler Pipetboy Thermo Scientific, Waltham, USA 

ScanLaf Mars Safety Class 2, biosafety 

cabinet 

Labogene, Lynge, Denmark 

ScotsmanTM AF-10 Ice Flake Maker Thermo Scientific, Waltham, USA 

SDS Gelapparatur/WB Bio-Rad Laboratories, Hercules, USA 

Seahorse XFe96 Agilent Technologies, Santa Clara, USA 

Spektrophotometer Ultrospec10 Biochrom, Berlin, Germany 

Stepper Brand, Wertheim, Germany 

SynergyTM 2 plate reader BIOTEK, Winooski, USA 

Transferpette®-8 Brand, Wertheim, Germany 

Ultrasonic bath EMAG, Salach, Germany 

Vortex VWR, Radnor, USA 

Workbench elutriator Camfil, Reinfeld, Germany 

ZetaSizer Nano ZS Malvern Pananalytical, Malvern, UK 
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3.2 Methods 

3.2.1 Isolation of human peripheral blood monocytes and subsequent differentiation 

macrophages 

Isolation of monocytes from either human heparinized peripheral blood from healthy donors of 

the clinic in Borstel (approved by the Ministry of Agriculture, Environment and Rural Areas in 

Kiel, Germany) or buffy coats purchased at the UKSH Lübeck (Ethics application: file 

reference 19-367) was performed using density gradient centrifugation and subsequent 

counterflow centrifugation as described in Brandenburg et al 117. In brief, blood or buffy coats 

were diluted 1:2 or 1:6, respectively, in pre-warmed phosphate-buffered saline (PBS) (37°C) 

and subsequently 40 ml thereof were layered carefully onto a 10 ml polysucrose solution 

(Pancoll) of a density of 1.077 g/ml. Next, tubes were centrifuged for 45min at 160 relative 

centrifugal force (rcf) at 21°C with the centrifuge set at a low braking rate. The upper layer was 

discarded, while the peripheral blood mononuclear cell (PMBC) layer, which is found in the 

interphase, was carefully transferred into a new 50ml tube. PBMCs were washed twice with 50 

ml PBS with centrifugation steps at 200 rcf for 15 minutes in between, re-suspended in 100ml 

Hank’s buffered salt solution (HBSS) containing 0.1% bovine serum albumin (BSA) and 

mounted onto the elutriation chamber. PBMCs, which include lymphocytes, monocytes and 

thrombocytes were then separated using counterflow centrifugal elutriation (CCE), which is a 

commonly used method to separate mixed cell populations based on their different sizes and 

densities120. Prior to CCE, the tubing system and elutriation chamber were disinfected with 

200ml 70% ethanol, 300ml dH2O and 200ml HBSS. Next, the PBMC suspension was pumped 

through a tubing system into the elutriation chamber using a peristaltic pump while centrifuging 

at 3500 rpm. (Avanti J 26S XP). In the elutriation chamber, a cell gradient of increasing size is 

generated by the centrifugal outward force and the inward counterflow, by a stepwise increase 

of the flow rate (from 27 up to 39 ml/min (Table 4). At a flow rate of 39 ml/min, the centrifuge 

was stopped and the monocyte fraction was eluted and collected in a 50ml tube. The purity and 

cell count of the monocyte fraction was determined using the Casy29 cell counter. Next, the 

monocyte fraction with a purity of at least 93% was centrifuged at 150 rcf for 10 minutes and 

the pellet was re-suspended in RPMI 1640 containing 2% human serum, 10ng/ml recombinant 

human macrophage colony-stimulating factor (M-CSF), 100µg/ml Streptomycin and 100U/ml 

Penicillin (P/S) and 4mM L-glutamine at a cell density of 5 x 105 cells/ml. The cell suspension 

was then transferred into Teflon-coated cell culture bags and incubated for 7 days at 37°C and 

5% CO2 to differentiate monocytes to macrophages. 
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Table 4:  Protocol including flow rates and volumes used for 

counterflow centrifugal elutriation 

Setting Flow rate (ml/min) 

   

1,8 27 

2,0 30 

2,2 33 

2,3 34 

2,4 35 

2,5 36 

2,6 37 

2,7 38 

2,8 39 

  
 

After differentiation, human monocyte-derived macrophages (hMDMs) were removed from the 

Teflon bags by incubating cells on ice for 1 h and subsequently detaching cells by gently pulling 

the Teflon bag over the edge of the bench. The cell suspension was transferred into a 50 ml 

tube, centrifuged for 10 min at 160 rcf at 4°C, and re-suspended in RPMI 16040 containing 

10% FCS and 4mM L-glutamine, herein referred to as cell culture medium. Trypan blue 

staining was used to determine the count of viable cells using a Neubauer counting chamber 

and cell count per ml was determined using the following formula: 

cell count = number of cells in 4 quadrants ∗ dilution factor ∗ 10,000 

Cells were seeded in 48-Well plates, unless indicated otherwise, and were allowed to attach for 

2 h at 37°C and 5% CO2 before further processing. 

 

3.2.2 Bacteria and stimuli 

3.2.2.1 Preparation of Mtb H37Rv 

Mtb H37Rv (derived from Mtb strain H37Rv American Type Culture Collection (ATCC) 

27294; ATCC, Manassas, USA) frozen aliquots were prepared according to Brandenburg et al. 

117. In brief, bacteria were grown to mid-log phase (optical density (OD)600= 0.4) in 

Middlebrook 7H9 medium supplemented with 10% OADC, 0.5% Glycerol and 0.05% Tween 

80. The bacteria were harvested, the bacterial number was determined and frozen at -80°C. On 

the day of infection, aliquots were thawed and centrifuged at 4500 rcf for 10 minutes. The pellet 

was next re-suspended and to homogenize the bacterial suspension and dissolve clumps a 1ml 

syringe with a 27-gauge needle was used.   
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3.2.2.2 Preparation of fatty acid – BSA conjugates 

Oleic acid and palmitic acid are insoluble in the cell culture medium and were therefore 

conjugated to BSA before supplementation to the cells. To do so, fatty acids were diluted in 0.1 

M sodium hydroxide (NaOH) (in double-distilled hydrogen dioxide (ddH2O)) to a working 

concentration of 20 mM and incubated at 80 °C for 30 minutes. Next, 50 µl of 0.1 M NaOH 

was added repeatedly during incubation at 80°C until the fatty acid was completely solubilized. 

The fatty acid solution was added dropwise to pre-warmed (37°C) 5% BSA solution forming a 

1:4.33 dilution, which allowed the conjugation of the fatty to BSA. The fatty acid-BSA 

conjugate was then diluted in a pre-warmed cell culture medium and added to the cells to 

achieve the desired final concentration.  

 

3.2.2.3 Infection with Mtb  

HMDMs were seeded and incubated for 2 hours (h) at 37°C, 5% CO2 prior to infection with 

frozen stocks of Mtb H37Rv. After thawing and centrifugation of Mtb H37Rv like described 

before, the following formula was used to calculate the resuspension volume to achieve the 

desired multiplicity of infection (MOI): 

resuspension volume =
number of bacteria per aliquot ∗ 10 μl

number of bacteria to obtain desired MOI
 

After homogenization, the bacterial suspension was added to the cells and cells were incubated 

for 4 hours at 37°C, 5% CO2. The supernatant was removed, cells were washed three times with 

PBS and cell culture medium with or without additional stimuli was added to the cells. Cells 

were incubated at 37°C, 5% CO2 for 24 hours or 7 days, with fresh medium being added at day 

3, before further processing.  

 

3.2.2.4 Determination of Mtb growth 

To determine Mtb growth in hMDMs, the colony forming units (CFU) analysis was performed. 

To do so, the supernatant was removed, 500 µl ddH2O was added to the wells followed by 

incubation at room temperature for 15 minutes. After microscopic confirmation that cells are 

fully lysed, one part of the cell suspension was used to determine the protein concentration in 

the sample as described below, and 100µl of the remaining suspension was serially diluted 1:10 

in H2O containing 0.1% Tween-80.  
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100µl of the 10-1-10-4 dilutions were plated on 7H10 agar plates containing 5% bovine serum, 

incubated for approximately three weeks at 37 °C before the colonies were counted and the 

CFU per well was determined according to the following formula: 

CFU

well
= number of colonies ∗

1

𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛
∗ 5 

 

3.2.3 Flow cytometry 

3.2.3.1 Determination of neutral lipid content, mitochondrial activity and mass 

Flow cytometry was used to determine the neutral lipid content in hMDMs using the neutral 

lipid dye BODIPY™ 493/503. For this purpose, hMDMs were infected and incubated with or 

without supplementation of exogenous fatty acids for 7 days at 37°C and 5% CO2. Cells were 

washed twice with PBS and stained with 5ug/ml BODIPY™ 493/503 in PBS for 20 minutes at 

room temperature. Further, cells were washed twice with PBS, fixed with 4% paraformaldehyde 

(PFA) (in PBS) for 2 hours, resuspended in PBS and analyzed on a FACSCanto II in the 

fluorescein isothiocyanate (FITC) (530/30nm filter) using an excitation laser at 488nm. 

To determine mitochondrial mass and activity the mitochondrial membrane potential (Δ𝜳)- 

independent dye MitoTracker™ Deep Red FM and the (Δ𝜳)- dependent dye Rhodamine 123 

(Rho123) were analyzed using flow cytometry. To do so, 2*105 hMDMs were seeded in tubes 

for flow cytometry and infected as described before. On day 7, the supernatant was removed, 

cells washed with PBS and stained with 300nM MitoTracker™ Deep Red FM and 0.5ug/ml 

Rhodamine 123 (both in cell culture medium) for 25 min at 37°C and 5% CO2 in the dark. Cells 

were washed with pre-warmed PBS and analyzed immediately on a FACS Canto II using an 

excitation laser at 488 and 633 nm, respectively, for the FITC (530/30nm filter) and Cy5 

channel (660/20 filter).  

For the measurement BD Diva Software version 6.1.2. was used. The data were analyzed with 

FCS Express v7 or newer software. As a gating strategy, the macrophage population (cells) was 

first identified by plotting the area of the forward scatter (FSC) against the area of side scatter 

(SSC), followed by doublet exclusion by plotting the height against the area of the FSC as 

depicted in figure 6.  
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Figure 6: Gating strategy for flow cytometric analysis of primary human macrophages 

Using the FCS Express software, the cell population (gate labeled “cells”) was first identified by plotting 

the FSC-A and SSC-A. Subsequently, doublets were excluded using the FSC-A and FSC-H and further 

analysis was performed with the single-cell population (gate labeled “single cells”).  

 

3.2.4 Quantification of mitochondrial and nuclear DNA 

To quantify mitochondrial and nuclear deoxyribonucleic acid (DNA), cells were infected and 

incubated as described before. After 7 days, cell culture supernatants were removed, cells were 

lysed in 250µl trizol (peqGOLD TriFast™; VWR International, Radnor, USA) and DNA was 

isolated using the InnuPREP DNA Mini Kit (Analytik Jena) according to the manufacturer’s 

instruction. In brief, 250µl of 100% ethanol was added to the trizol, the suspension was mixed 

vigorously by pipetting up and down, loaded onto the column placed on a collection tube and 

centrifuged at 11,000 rcf for 2 minutes. The flow-through was replaced with a new one and 

500µl Washing Solution HS followed by another centrifugation step at 11,000 rcf for 1 min. 

The flow-through was removed from the collection, 750µl Washing Solution MS was added to 

the column and the centrifugation step was repeated. Next, the column was placed on a new 

collection tube and dry centrifuged at 11,000 rcf for 3 minutes. Lastly, the 50µl of elution buffer 

was added to the column and the DNA was eluted into a fresh 1.5 ml Eppendorf tube (low bind) 

by centrifugation at 11,000 rcf for 1.5 minutes. The DNA content and purity were measured on 

a Nanodrop spectrophotometer and the DNA concentration was adjusted to 5ng/µl in DNAse-

free ddH2O.  

Quantification of mitochondrial and nuclear DNA was performed using quantitative real-time 

polymerase chain reaction (RT-PCR). The gene-specific primer pairs for the beta-2 

microglobulin (B2M) and tRNALeu(UUR) (Table 6) were used to amplify nuclear and 

mitochondrial DNA 121, respectively, utilizing the LightCycler® 480 SYBR Green I Master and 
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the LightCycler 480 II system (Roche Applied Science). The master mix consisted of 2,4µl of 

ddH2O, 5µl of LightCycler 480 SYBR Green I Master, 0.6µl of sense and antisense primer mix 

(10µM) and 2µl of DNA (5ng/µl). The PCR was performed according to the protocol listed in 

table 5. Gene expression was quantified using the ΔΔCt method and relative expression of B2M 

to tRNALeu(UUR) was calculated to display the mitochondrial/nuclear DNA ratio.  

 

Table 5: Protocol for quantitative RT-PCR 

Step Temperature (°C) Duration (min:sec) # of cycles 

Pre-Incubation 50 

95 

 

02:00 

10:00 

1 

Amplification 95 

62 

62 

 

00:15 

01:00 

00:01 

40 

Melting Curve 95 

65 

Increase up to 97 

00:10 

00:10 

 

1 

Cooling 37 00:10 1 

 

 

Table 6: Primers used for quantitative RT-PCR 

Target Orientation Sequence (5’ – 3’) 

B2M FWD 

REV  

TGC TGT CTC CAT GTT TGA TGT 

ATC T 

TCT CTG CTC CCC ACC TCT AAG T 

tRNALeu(UUR) FWD 

REV 

CAC CCA AGA ACA GGG TTT GT 

TGG CCA TGG GTA TGT TGT TA 

 

3.2.5 Analysis of cell death using DRAQ7 staining 

5*104 hMDMs were seeded in 96-well Corning plates and incubated in cell culture medium 

infected with Mtb as described before, or left uninfected and supplemented with exogenous FA 

and incubated at 37°C and 5% CO2 in presence of 3µM of the DRAQ7 dye, which was added 

to the cell culture medium. As a positive control, 1% Triton-X100 was added to the cell culture 

medium approximately 15 minutes before the start of the measurement. At 24 hours post 

infection, the DRAQ7 fluorescence counts and the number of cells were determined on a 

Cytation 1 Cell Imaging Reader (BioTek) using the automatic focus. To this end, a brightfield, 

as well as a fluorescence (Cy5 628/685 filter cube) image, was captured at the same position in 
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each well at a 4x magnification. The images were then analyzed using the Gen5 software 

(version 1.11.5) to determine the DRAQ7 count and the cell number. 

 

3.2.6 Extracellular flux analysis 

Four assays were performed on an XFe96 Seahorse Analyzer (Agilent Technologies): the XF 

Mito Stress Test to analyze respiratory parameters by measuring the oxygen consumption rate 

(OCR), the XF Glycolysis Stress Test to measure glycolytic parameters measuring the 

extracellular acidification rate, the XF Real-Time ATP Rate Assay to analyze ATP production 

and the XF MitoFuel Dependency Assay to analyze mitochondrial substrate dependency on 

glucose, fatty acids and glutamine. Results were recorded using the Wave Desktop 2.6 Software 

from Agilent, which allowed normalization to cell viability and export of data into the XF 

Report generators to calculate respiratory and glycolytic parameters, as well as mitochondrial 

dependency and ATP production rates.  

For the analysis, 3*104 hMDMs per well were seeded on an XFe96 cell culture plate forming a 

cell monolayer. Cells were subsequently infected and incubated as described before. The sensor 

cartridges were prepared according to the manufacturer’s instructions. In brief, the sensor 

cartridge was placed in the utility plate filled with 200µl ddH2O/well overnight at 37°C. One 

hour prior to the measurement, the sensor cartridge was placed in the utility plate containing 

200µl Calibrant solution per well, which was incubated overnight at 37°C.  

Before starting the measurement, the cell culture medium was removed, cells were washed three 

times and incubated for 45 min at 37°C with an assay medium consisting of XF DMEM medium 

(pH 7.4) containing 5.5mM glucose, 1% FCS and 1mM L-glutamine. Importantly, for the 

Glycolysis Stress test, the assay medium consisted of XF DMEM medium (pH 7.4) containing 

1% FCS and 1mM L-glutamine and without glucose. 

In the Mito Stress Test, the OCR was measured first under basal conditions and subsequently 

upon serial injection of oligomycin (1µM), FCCP (1µM) and antimycin A/rotenone (each 

0.5µM). Under each condition 3 cycles consisting of 3 minutes of mixing, 2 minutes of waiting 

and 3 minutes of measurement were performed. Wave data were exported using the Seahorse 

XF Mito Stress Report Generator, which automatically calculates the basal respiration, ATP-

linked respiration, proton leak, maximal respiration, non-mitochondrial respiration and the 

spare respiratory capacity. OCR curves were generated by exporting Wave data into a Graphpad 

Prism (Version 8 or newer).  
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For the Glycolysis Stress Test, the ECAR was first measured under basal conditions and 

subsequently under serial injection of D-glucose (10mM), oligomycin (1µM) and 2-

deoxyglucose (2-DG) (50mM). Under each condition 3 cycles consisting of 3 minutes of 

mixing, 2 minutes of waiting and 3 minutes of measurement were performed. Using the 

Seahorse XF Glycolysis Stress Report Generator the non-glycolytic acidification, glycolysis, 

glycolytic capacity and the glycolytic reserve were automatically calculated. ECAR curves 

were generated by exporting Wave data into a Graphpad Prism (Version 8 or newer).  

In the Real-Time ATP Rate Assay the ECAR and OCR were measured first under basal 

conditions and subsequently upon serial injection of oligomycin (1µM) and antimycin 

A/rotenone (each 0.5µM). Under each condition, 3-5 cycles consisting of 3 minutes of mixing, 

2 minutes of waiting and 3 minutes of measurement were performed. Wave data were exported 

using the Seahorse XF Real-time ATP Rate Assay Report Generator, which automatically 

calculates the mitochondrial, glycolytic and total ATP production rates, the ATP rate index and 

the % contribution of glycolysis and OXPHOS to the total ATP production. 

Lastly, for the MitoFuel Dependency test, the OCR was first measured under basal conditions 

and subsequently under serial injection of i) BPTES (3µM) followed by a combination of 

etomoxir (16µM) and UK5099 (2µM) to determine glutamine dependency, ii) etomoxir (16µM) 

followed by a combination of BPTES (3µM) and UK5099 (2µM) to determine fatty acid 

dependency and iii) UK5099 (2µM) followed by the combination of BPTES (3µM) and 

etomoxir (16µM) to determine glucose dependency. Under each condition, 3-6 cycles 

consisting of 3 minutes of mixing, 2 minutes of waiting and 3 minutes of measurement were 

performed. Using the Seahorse XF MitoFuel Flex Test Report Generator, the % dependency on 

glutamine, fatty acids and glucose were automatically calculated. 

After the measurement, the assay medium was removed and for normalization, a crystal violet 

staining was performed to determine cell viability. 

 

3.2.7 Crystal violet staining 

Crystal violet staining is a method, which was previously described to determine cell viability 

122 and which was used to normalize Seahorse data before2. In brief, cells were washed twice 

gently with ddH2O and air-dried for one hour. Cells, and several wells without cells (blank), 

were incubated in a 0.5% crystal violet solution (containing 20% MeOH in ddH2O) for 30 

minutes at room temperature. The crystal violet solution was removed and cells were gently 

washed with ddH2O 4 - 5 times until the water remained clear. The plates were dried overnight 
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and cells were then lysed in 100µl 100% MeOH for 10 minutes. The lysate was transferred into 

a new 96 –well plate and the OD590nm was measured on a microplate reader (Synergy 2). Data 

were analyzed using the Gen5 software (Version 1.11.4 or newer) and subsequently used to 

normalize Seahorse data using the Wave Desktop 2.6 Software.  

 

3.2.8 Fractionation of lipid droplets, mitochondria and ER 

To isolate and characterize LDs from uninfected and Mtb-infected cells, 2.2 *107 hMDMs were 

seeded in a T175 cell culture flask, infected with Mtb or left uninfected and incubated for 7 

days at 37°C and 5% CO2. Cells were then washed twice with 1xPBS, detached from the culture 

flask using a cell scraper, the cell suspension was transferred into a 50ml tube and topped up to 

50ml with 1xPBS. After centrifugation for 10 minutes at 300 rcf, the pellet was resuspended in 

1ml PBS, transferred into a 1.5ml tube and centrifuged again for 10 minutes at 300 rcf. After 

the supernatant was removed, 200µl of Reagent A from the Lipid Droplet Isolation Kit (Cell 

Biolabs) was added to the pellet, the suspension was vortex for 30 seconds and incubated at 

4°C for 10 minutes. Then, 800µl of 1x Reagent B was added and the suspension was vortexed 

vigorously. The tube was then placed in a Sonifier 450 (Branson Ultrasonics) and the sample 

was continuously sonicated for 2 minutes at an amplitude of 2 and 4 minutes at an amplitude 

of 3. Next, the sample was centrifuged for 10 minutes at 600 rcf (4°C) to remove all intact cells 

and cell debris from the sample to obtain the whole cell lysate (WCL) (Fig. 7). To obtain the 

mitochondrial fraction (MF), the WCL was centrifuged for 20 minutes at 10,200 rcf (4°C) and 

the pellet containing the MF was resuspended in 100µl PBS. The supernatant, which contained 

LDs and the ER, was transferred into a fresh tube, overlayed with 600µl of 1x Reagent B and 

centrifuged for 3 hours at 25,000 rcf (4°C). After the centrifugation, the LDs were floating on 

the top of the sample in a visual fat layer, while the ER was pelleted. Therefore, the top ~1ml 

of the supernatant was carefully removed using a blunt 16-gauge syringe and transferred into a 

fresh 1.5ml tube. The rest of the supernatant was removed and the pellet containing the ER 

fraction (ERF) was resuspended in 100µl PBS.  
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Figure 7: Schematic illustration of the isolation of lipid droplets 

The sonicated cell suspension was subjected to several centrifugation steps to separate the mitochondrial 

fraction, ER fraction and LD-enriched fraction from the whole cell lysate. 

 

The supernatant containing the LDs was again centrifuged for 10 minutes at 25,000 rcf in order 

to separate the LDs, which are floating in a fat layer, from the rest of the sample. The volume 

of the sample was then carefully reduced by slowly drawing up the sample from the bottom of 

the tube using a 16-gauge syringe without taking up the visual fat layer containing the LDs (Fig. 

7). The last centrifugation step was repeated until the volume of the LD-enriched fraction (LDF) 

could be reduced to ~100µl. 

For lipidomics analysis, 10µl of WCL, MF, ERF and LDF suspension was used to determine 

the protein concentration of each sample. The samples containing the WCL, MF, ERF and LDF 

were transferred into 1.5ml Safe-Lock Eppendorf tubes and 800µl MeOH (containing 0.184% 

BHT) was added. Then, the samples were shaken for 2 hours at room temperature to inactivate 

Mtb and stored at -80°C before further processing. 

For proteomics and Western Blot analysis, the WCL, MF, ERF and LDF were diluted 4:1 in 8x 

SDS Lysis buffer, the samples were incubated at 95°C for 20 minutes to heat inactivate Mtb 

and stored at -80°C before further processing. For proteomics analysis, samples were further 

diluted 1:2 in ddH2O. 

For analysis of LD size, 5 µl of LDF were diluted 1:10 in PBS and inactivated in 4% PFA for 

24h. Samples were analyzed on a ZetaSizer in biosafety laboratory 2 conditions as described 

below.  
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3.2.8.1 Protein quantification 

For the determination of the protein concentration in cell lysates, the PierceTM BCA Protein 

Assay Kit was used according to the manufacturer’s instructions. The principle of this assay is 

based on the reduction of Cu2+ to Cu1+ by the protein under alkaline conditions, followed by 

the complex formation of bicinchoninic acid (BCA) with Cu1+ resulting in a colorimetric 

reaction 123. In brief, samples were diluted in ddH2O if necessary and up to 50µl of the sample 

as well as a standard (ranging from 32.5 - 2000µg/ml) was pipetted in duplicates or triplicates 

into a transparent 96-well plate. 50 parts of Reagent A were mixed with 1 part of Reagent B 

and 200µl of the mixture was added to the sample and standard. The plate was incubated in the 

dark for 20 minutes at 37°C and the OD562nm was measured on a microplate reader (Synergy 2). 

Data was analyzed using the Gen5 software (Version 1.11.4 or newer) and the protein 

concentration in each sample was calculated using the standard curve.  

 

3.2.8.2 SDS-PAGE 

Sodium dodecyl-sulfate polyacrylamide gel electrophoresis (SDS-PAGE) is a commonly used 

method to separate denature proteins in a protein mixture depending on their molecular mass 

using electrophoresis through a porous acrylamide gel 124. To separate the proteins in the lysate 

of the WCL, the MF, the ERF and the LDF, the samples were first thawed and the protein 

concentration was determined as described above. The samples were diluted 1:4 in 4xLämmli 

buffer and incubated for 10 minutes at 95°C, which allowed complete denaturation of proteins. 

20µg of WCL and 7.5µg of the MF, the ERF and LDF, as well as 4µl of the protein marker 

were then loaded into the wells of the gel, which was fixed in the gel cassette and placed in the 

running module. The inner chamber of the cassette was completely submerged in 1x Running 

buffer and the module was filled with buffer according to the manufacturer’s instructions. The 

electrophoresis was started at 75V and when the protein band reached the end of the resolving 

gel voltage was then increased to 150V at a constant current. The electrophoresis was stopped 

when the dye front reached the end of the gel and the gel cassette was disassembled and the 

stacking gel was removed. The gel was used immediately for further Western Blot analysis. 
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3.2.8.3 Western Blot Analysis 

Western Blot (WB) analysis is a method to detect or identify specific proteins in a protein 

mixture by using specific mono- or polyclonal antibodies (ABs) directed against the target 

protein 125. In this doctoral study, WB analysis was used to detect and measure the expression 

levels of organelle-specific proteins in the WCL, the MF, the ERF and the LDF using a 

chemiluminescence detection approach. To achieve that, the samples previously separated 

during SDS-PAGE were blotted on a polyvinylidene fluoride (PVDF) membrane, which was 

preactivated by incubating the membrane briefly in 100% methanol. Next, the SDS-PAGE gel 

was assembled by placing Whatman filter paper on a sponge followed by the membrane, the 

gel, another Whatman filter and sponge, and fixing it within the cassette (Fig. 8). The cassette 

was then placed in the electrode assembly and moved into the tank, which was filled with 

blotting buffer and the cooling unit. The proteins were blotted from the gel onto the membrane 

for 90 minutes at 75V.  

The membrane was removed from the cassette, washed once with 1x tris-buffered saline (TBS) 

and blocked for 1 hour at room temperature in Superblock shaking to block remaining binding 

surfaces and reduce unspecific binding. Next, the membrane was cut into three pieces at the 

100 kDa and 35 kDa mark of the protein ladder, and the membrane pieces were incubated 

overnight shaking at 4°C with the primary antibodies, which were directed against the target 

protein and were diluted as indicated in table 7. Next, the primary antibody solution was 

removed, the membrane was washed 5x for 5 minutes in 1xTBS-T (0.05% Tween-80 in 1x 

TBS) and was incubated for one hour at room temperature with the respective secondary 

antibody directed against the primary antibody (Table 8). Again, the antibody solution was 

removed and the membrane was washed 5x for 5 minutes in 1xTBS-T. A chemiluminescence 

detection approach was used to detect antibodies bound to the membrane using the horseradish 

peroxidase (HRP) conjugated to the secondary antibody. To do so, 500µl of solution A and 

solution B from the ECL prime detection kit were mixed and diluted 1:2 in ddH2O and 

incubated with the membrane for up to 3 minutes. The oxidation of luminol in the ECL prime 

mix by the HRP leads to the emission of light, which was detected on a Chemidoc Imaging 

System and analyzed using the ImageLab software (Version 6.1). After visualization of the 

protein bands on the membrane and the antibodies were stripped from the membrane by 

incubating the membrane for 30 minutes at room temperature in stripping buffer shaking. The 

membrane was then again blocked and incubated with the second set of antibodies as described 

before. 
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Figure 8: Schematic illustration of the assembly of the blotting cassette 

The SDS-PAGE gel was positioned on a PVDF membrane and fixed between Whatman filters and 

sponges in the blotting cassette. The cassette was subsequently placed in an electrode assembly and 

moved into a tank filled with blotting buffer. Adapted after Mahmood and Yang (2012)126. 

 

 

Table 7: Primary Antibodies used for WB Analysis 

Target Species Clone Dilution Supplier 

Calreticulin Rabbit polyclonal 1:1000 in Superblock EnzoLifeScience 

(ADI-SPA-600) 

α-Tubulin Mouse monoclonal 1:2000 in Superblock Santa Cruz 

(SC-32293) 

Manganese 

Superoxide 

Dismutase 

Rabbit polyclonal 1:2500 in Superblock EnzoLifeScience 

(ADI-SOD-111-F) 

Perilipin-3 Rabbit polyclonal 1:1000 in Superblock Abcam 

(ab47639) 
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Table 8: Secondary Antibodies used for WB Analysis 

Antibody Species Clonality Dilution Supplier 

HRP 

conjugated 

anti-rabbit 

IgG(H+L) 

goat polyclonal 1:4000 in 1xTBS-T Dianova 

(#GtxRb-003-FHRPX) 

HRP 

conjugated 

anti-mouse 

IgG(H+L) 

goat polyclonal 1:4000 in 1xTBS-T Jackson ImmunoResearch 

(#115-035-146) 

 

3.2.8.4 Analysis of lipid droplet size using ZetaSizer analysis 

ZetaSizer analysis was used to determine the mean lipid droplet size in the LDF. This analysis 

allows to investigate the size of particles in a sample by measuring the scattered light when they 

move through a light beam. To do so, samples were fixed and prepared as described above and 

50µl of the sample were transferred into a Sarstedt measuring cuvette. Before every 

measurement on the ZetaSizer (Malvern Pananalytical), an equilibration step was performed. 

The diameter of particles in nm was measured at 25 °C at an angle of 90°C using automatic 

measure run times allowing to measure between 400 and 3000 counts per picosecond. Samples 

were recorded three times per run and in total three runs were performed of each sample. 

Overall, two peaks were detected with a size of ~500nm and <100nm contributing to >90% and 

<10% of the signal. The smaller peak, which was likely caused by contamination of the sample 

with small particles was excluded. For the bigger peak, the average peak size of all runs for 

each donor and condition was calculated and depicted as mean peak diameter in nm (d: nm).  
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3.2.9 Quantification of free fatty acid levels using gas-liquid chromatography-mass 

spectrometry 

To prepare samples for the analysis of FFA levels, 8*106 hMDMs were seeded in a petri dish 

(92mm diameter) and infected with Mtb as described before. After 7 days of infection, cells 

were washed twice with PBS, removed from the dish using a cell scraper and transferred into a 

50ml tube. Cells were centrifuged at 200 rcf for 10 minutes and resuspended in 210µl PBS. 

10µl of the cell suspension was further processed to determine the protein concentration and 

the remaining 200µl were transferred into glass tubes. Next, 800µl MeOH (containing 0.184% 

BHT) was added to the glass tubes, which were shaken for 2 h at room temperature to inactivate 

Mtb. Samples were then handed over to Dr. Nicolas Gisch from Research Group Bioanalytical 

Chemistry at the Research Center Borstel for further processing. 

Importantly, all processes starting from adding the MeOH to the sample is performed with 

glassware that has been washed 3x with H2O for chromatography, 3x with MeOH and 3x with 

chloroform (CHCl3) and was subsequently dried using nitrogen gas (N2).  

FFA levels in the samples were analyzed using gas-liquid chromatography-mass spectrometry 

(GLC-MS). To facilitate the separation of FFA using gas-liquid chromatography, samples were 

depolarized through methylation using diazomethane (CH2N2) to form fatty acid methyl 

esters127. To do so, the methanol in the samples was evaporated using N2, the internal standard 

(pentadecylic acid C15:0) and 500µl deionized Millipore water were added and the sample was 

adjusted to pH between 1-2 by adding ~50µl of an 8M HCl solution. Then, 500 µL CHCl3 was 

added, the sample vortexed vigorously, and the lower CHCl3 phase was transferred in a new 

1.5ml glass vial. This step was repeated twice. The CHCl3 was next evaporated using N2, 100µL 

CHCl3/MeOH (at a ratio of 95:5) and 1-2 drops of CH2N2 were added. The mixture was 

evaporated using N2 until the extract was completely dried. Again 1-2 drops of CH2N2 were 

added, vortexed, incubated at RT for 5 min and dried using N2. The dried extract was 

resuspended in up to 100µL CHCl3 and injected into a glass vial using a HamiltonTM syringe. 

Subsequently, samples were loaded and GLC-MS analysis was performed on an Agilent 

Technologies 6890N gas chromatograph coupled to a 5975 inert XL Mass Selective Detector 

(Agilent Technologies) applying a temperature gradient kept at 70°C for 1.5 minutes, then 

raised to 60 °C/min to 150 °C followed by an increase at 1.5 °C/min to 220 °C. A 30-m Agilent 

J&W DB-WAX Ultra Inert column (0.25 mm inner diameter, 0.25 µm film thickness) was. All 

analyses were done using MSD ChemStation (Agilent Technologies) as software. 
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3.2.10 Shotgun-lipidomics 

Shotgun lipidomics is a high-throughput approach to identify and quantitate lipid species 

directly from biological samples based on their ionization propensities, which does not require 

liquid chromatographic separation prior to the MS. This method involves the ionization of 

molecules transferring them into a gas phase and subsequent acceleration of the ions in an 

electrical field to separate them based on their mass–to–charge ratio (m/z ratio) in the MS. To 

perform shotgun lipidomics, samples from the fractionation, i.e. WCL, MF, ERF and LDF, as 

well es cell lysates from uninfected and infected hMDMs were inactivated in 800µl MeOH 

(containing 0.184% BHT) as described above and analyzed by the Research Group 

Bioanalytical Chemistry from PD Dominik Schwudke at the Research Center Borstel.  

For the extraction of lipids, the methyl- tret- butyl ether (MTBE) extraction procedure was used. 

Similar to the extraction of FFA, all glassware used was washed 3x with H2O for 

chromatography, 3x with MeOH and 3x with MTBE and was then dried using nitrogen gas 

(N2). In brief, all samples were first dried at RT for 5h in a Speedvac at 37°C and resuspended 

in up to 1.5ml storage solution (CHCl3: MeOH: H2O, 60:35:4.5) depending on the protein 

concentration of the sample. The samples were then vortexed for 2 min, sonicated for 30 min 

in an ultrasound bath and incubated for 17h at 20°C shaking at 1400 rpm to solubilize the 

sample in the storage solution. Samples were again sonicated for 30 minutes and centrifuged at 

15000 rcf at 20°C. The amount of sample required to obtain 20µg protein was then transferred 

into a fresh tube, dried in a Speedvac as before and resuspended in 270µl MeOH containing 3% 

acetic acid. 20µl of internal standard (table 9) and 1 ml MTBE was added, vortexed and 

incubated for 1 h at 20°C shaking (1400 rpm, Eppendorf, MixMate). 250µl of H2O suitable for 

chromatography was added, vortexed and incubated for 5 min shaking as described before. 

Subsequently, the mixture was centrifuged for 2 min at 15000 rcf at 20°C. The organic phase 

was transferred into a new Eppendorf tube, dried in a Speedvac as described before and 

resuspended in 100µl storage solution. Prior to MS, the samples were diluted 1:20 in MS-Mix.  

Shotgun lipidomics measurements were performed using a Q Exactive (Thermo Fisher 

Scientific) or an Apex Qe Fourier Transform Ion Cyclotron Resonance mass spectrometer 

(Bruker Daltonik), both equipped with a TriVersa NanoMate (Advion BioSciences) as 

autosampler and ion source. Lipid identification was performed using LipidXplorer as 

described before128 and quantitation was achieved referenced to a mix of internal standards, 

which were added prior to extraction (SPLASH® Lipidomix® Mass Spec Standard). 
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Table 9: Composition and characteristics of the IS39794 internal standard. 

Mixture 

Components 

Conc. 

(µg/ml) 

Molecular 

Weight 

µM - 

pmol/µl 

Chemical 

Formula 

m/z 

(positive) 
m/z (negative) 

15:0-18:1(d7) 

PC 
5.904 753.11 7.839 C41H73D7NO8P 

753.6134 

[M+H]+ 

811.6199 

[M+CH3COO]- 

15:0-18:1(d7) 

PE 
0.208 711.03 0.292 C38H67D7NO8P 

711.5664 

[M+H]+ 

709.5519 [M-

H]- 

15:0-18:1(d7) 

PS (Na-Salt) 
0.153 777.02 0.197 C39H66D7NNaO10P - 

753.5417 [M-

H]- 

15:0-18:1(d7) 

PG(Na-Salt) 
1.047 764.02 1.370 C39H67D7NaO10P - 

740.5464 [M-

H]- 

15:0-18:1(d7) 

PI(NH4-Salt) 
0.333 847.13 0.393 C42H75D7NO13P - 

828.5625 [M-

H]- 

15:0-18:1(d7) 

PA(Na-Salt) 
0.270 689.94 0.392 C36H61D7NaO8P - 

666.5097 [M-

H]- 

18:1(d7) LPC 0.933 528.72 1.765 C26H45D7NO7P 
529.3994 

[M+H]+ 

587.4059 

[M+CH3COO]- 

18:1(d7) LPE 0.192 486.64 0.395 C23H39D7NO7P 
487.3524 

[M+H]+ 

485.3378 [M-

H]- 

18:1(d7) Chol 

Ester 
12.901 658.16 19.601 C45H71D7O2 

675.6779 

[M+NH4]
+ 

- 

18:1(d7) MG 0.071 363.59 0.194 C21H33D7O4 
381.3704 

[M+NH4]
+ 

- 

15:0-18:1(d7) 

DG 
0.345 587.98 0.587 C36H61D7O5 

605.5844 

[M+NH4]
+ 

- 

15:0-18:1(d7)-

18:1 TG 
2.070 812.37 2.548 C51H89D7O6 

829.7985 

[M+NH4]
+ 

- 

18:1(d9) SM 1.160 738.12 1.572 C41H72D9N2O6P 
738.6470 

[M+H]+ 

796.6529 

[M+CH3COO]- 

Cholesterol(d7) 3.857 393.71 9.797 C27H39D7O 
411.4326 

[M+NH4]
+ 

- 

Ceramide C17 2.080 551.93 3.769 C35H69NO3 
552.5350 

[M+H]+ 

610.5415 

[M+CH3COO]- 
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3.2.11 Label-free proteomics 

For proteomics and Western Blot analysis, the WCL, MF, ERF and LDF were diluted 4:1 in 8x 

SDS Lysis buffer, the samples were incubated at 95°C for 20 minutes to heat inactivate Mtb 

and stored at -80°C before further processing. For proteomics analysis, samples were further 

diluted 1:2 in ddH2O. Samples were then shipped on dry ice to the Research group of Dr. Stefan 

Tenzer from Mainz University, and proteomics analysis was performed as follows.  

Total protein of the SDS-buffer lysates was quantified using the Pierce 660 Protein Assay in 

96-well plates on a Tevan GENios Microplate Reader according to the manufacturer’s 

instructions. Subsequently, 10 µg of protein from each sample was digested in trypsin using a 

modified single-pot solid phase-enhanced sample preparation (SP3) as described before 129. In 

brief, samples were reduced and alkylated using dithiothreitol (DTT) and iodoacetamide (IAA), 

and 2µl of a carboxylate-modified paramagnetic bead mix (1:1 of Sera-Mag SpeedBeads 

(Hydrophilic): Sera-Mag SpeedBeads (Hydrophobic)). Next, acetonitrile (ACN) was added 

(final concentration of 70% in the sample), samples incubated at RT for 18 min and 

subsequently, magnetic beads pelleted on a magnetic rack for 2 min. The pellet was washed 

with 70% EtOH and 100% ACN and next resuspended in 5µl of 50mM 

ammoniumhydrocarbonate/trypsin at a ratio of 1:25 for overnight digestion at 37°C. After that, 

ACN was added to a final concentration of 95%, mixed and incubated as before and the beads 

pellet washed with 100% ACN. Lastly, 2% dimethyl sulfoxide (DMSO) was used to elute the 

purified peptides from the beads. The peptide solution was then acidified using 1% formic acid 

and normalized amounts of digested samples were loaded into single-use Evotips and loaded 

into an EvoSep-One LC coupled to a TIMS-TOF-Pro MS in technical replicates. In brief, 

peptides were separated in a reversed-phase analytical column (Pepsep 150mm x 150umID, 

.1.9umC18, 40C) using the standard 30 samples per day method by EvoSep Biosystems 

(approx. 48 min gradient), which is characterized by a high proteome coverage and effective 

gradient elution thereby allowing the identification of up to 24,000 peptides. Data were acquired 

in the MS in standard 1.1 cycles per second DDA-PASEF mode as described by Meier et al 130. 

Protein identification and label-free quantification were performed using MaxQuant version 

2.0.0.0 131 and protein intensities were normalized employing the built-in MaxLFQ algorithm 

132. After protein identification, reversely marked proteins, possible contaminants such as BSA 

and keratins and below the threshold proteins were removed as negative identifications. 

Proteins with at least two identified peptides and which were found in more than 50% of the 

biological replicates and enough technical replicates were labeled as quantifiable. Performing 

this analysis, ~2800 and ~2400 proteins were marked as quantifiable in the WCL and LDF, 

respectively, which were subsequently used for statistical analysis as described below.   
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3.2.12 Statistical Analysis 

The GraphPad Prism 8 or newer software was used for the statistical analysis and graphic 

representation of data sets. Prior to performing statistical testing, data were log(Y)-transformed 

to assume a parametric distribution as described by Willems et al. 133 unless indicated otherwise. 

A one-way or two-way analysis of variance (ANOVA) followed by a Holm-Šídák’s test for 

multiple comparison test was performed for hypothesis testing with more than two groups. For 

hypothesis testing with two groups, a two-sided, paired students t-test was used. Importantly, 

the statistical analysis was always performed with not-normalized data, even when presented 

as fold-change or %-change compared to the baseline control. For lipidomic analysis of TAG, 

DAG and CE species a paired multiple t-test followed by a multiple testing correction using the 

false discovery rate was performed. Statistical analysis for proteomics data was performed by 

Dr. David Gomez-Zepeda from the Proteomics Group at the University of Mainz, who 

determined the differences on the LFQ intensity across uninfected and Mtb-infected samples 

using a paired t-test followed by a Benjamini-Hochberg correction. Based on this analysis, 

differentially regulated proteins with a p≤0.05 or p≤0.1 (as indicated) were compared to the 

reactome, KEGG, or gene ontology database using the online tool g: profiler 

(https://biit.cs.ut.ee/gprofiler/gost)134. Results from the reactome-based analysis were 

additionally validated using the ReactomePA package135. Data are presented as image, table, 

bar graphs and line graphs showing the mean + standard error unless indicated otherwise.  

 

  

https://biit.cs.ut.ee/gprofiler/gost
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4. Results 

4.1 Mtb growth kinetic in human monocyte-derived macrophages over 7 days 

Mtb infection induces alterations in several cellular processes. However, little is known about 

the cellular response to Mtb infection in vitro in human macrophages, particularly at later stages 

of infection.  

Mtb growth kinetics in murine macrophages showed, that there is little to no Mtb growth in the 

first 24 hours of infection and Mtb replication becomes more prominent at later stages of post 

infection 117. To investigate the Mtb growth kinetic in human macrophages, hMDMs were 

infected and CFU development in hMDMs over 7 days was determined. As depicted in Fig. 9, 

a decrease of CFU was observed between uptake (4h) and 24 hours post infection, which almost 

reached statistical significance at an MOI of 0.1 (p=0.08). At 3 days post infection, CFU 

remained constant compared to the uptake and 24 hours post infection. However, after 7 days 

of infection, a significant increase in CFU of approximately 4-fold was observed compared to 

the uptake indicating that Mtb growth is most prominent between day 3 and day 7 post infection. 

Therefore, for further analyses of the cellular response to Mtb infection, the 7 days post 

infection time point was chosen, when the Mtb is replicating prominently.  

 

Figure 9: Mtb growth kinetic over 7 days. 

Human monocyte-derived macrophages infected with Mtb H37Rv at an MOI of 0.05 or 0.1 and 

incubated for up to 7 days. At 4h (uptake), 24h, 3d and 7d cells were lysed, dilutions of lysates were 

plated on 7H10 agar plates and the colony forming units (CFU) were determined. Statistical analysis 

was performed with not-normalized data using two-way ANOVA followed by a Holm-Šídák’s test for 

multiple comparison. Depicted is the mean fold-change normalized to the uptake + the standard error 

(n=4). ** = p≤0.01 for MOI of 0.05; # = p≤0.05 for an MOI of 0.1. d=days 
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4.2 Infection of human monocyte-derived macrophages with Mtb results in alterations in 

cellular metabolism  

To analyze the cellular response to Mtb infection at later stages of infection, the proteome of 

uninfected and Mtb-infected human monocyte-derived macrophages after 7 days of infection 

was characterized. Label-free proteomics of cell lysates from uninfected and Mtb-infected 

hMDMs was performed to determine the relative amounts of proteins. Subsequently, 

differentially regulated proteins between uninfected and Mtb-infected cells were identified and 

a pathway enrichment analysis was conducted by comparing the identified proteins with the 

reactome pathway database 136.  

This analysis revealed that only 130 proteins were differentially regulated between uninfected 

and Mtb-infected hMDMs (Suppl. Fig. 1). These differentially regulated proteins were 

significantly enriched in signaling pathways such as “Interferon signaling”, “PD-1 signaling”, 

“Translocation of ZAP-70 to immunological synapse” and “Phosphorylation of CD3 and TCR 

zeta chains” (Fig. 10).  

 

Figure 10: Top 5 pathways significantly enriched in Mtb-infected primary human macrophages. 

Human monocyte-derived macrophages were infected with Mtb at an MOI of 0.1 or left untreated for 7 

days. Subsequently, cells were lysed, digested and a liquid chromatography-based approach was 

performed to determine relative protein levels using label-free proteomics. A paired t-test followed by 

a Benjamini-Hochberg correction was used to determine differentially regulated proteins between Mtb-

infected hMDMs compared to uninfected hMDMs (p<0.05). Pathway enrichment analysis was 

performed and differentially regulated proteins were compared to the reactome database using the online 

tool g: profiler. Depicted are the top 5 enriched pathways and the respective p-values (n=5). 

 

Due to the high donor variability, which is also observed in the 4 donors used in figure 9, and 

the low number of independent experiments (n=5), pathway enrichment analysis (PWE) was 

repeated with all differentially regulated proteins with a p-value of 0.1 or smaller. Performing 

this analysis revealed a total of 490 differentially regulated proteins, which were then used to 

determine enriched pathways. 
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The top 10 enriched pathways in Mtb-infected hMDMs compared to uninfected cells are 

illustrated in figure 11. The number 1 significantly enriched pathway was “Antigen 

presentation” (p=2.8*10-9). Additional to the enriched pathways previously detected (Fig. 10), 

“Neutrophil degranulation” (p=1.2*10-6), “Immune System” (p=1.4*10-5), and “Interferon 

alpha/beta signaling” (p=1.5*10-4) were among the enriched pathways with 30, 78, and 13 

upregulated proteins, respectively, and 10, 31 and 0 downregulated proteins, respectively. 

Furthermore, pathways such as “Endosomal/vacuolar pathway” (p=2.6*10-4), “ER phagosome 

pathway” (p=2.7*10-4), and “Antigen processing” (p=4.5*10-4) were also found among the 

top 10 significantly enriched pathways comprising 6 and 13 upregulated proteins and 0, 1 and 

2 downregulated proteins, respectively.  “Interferon signaling” (p=5.9*10-5) and “Interferon 

gamma signaling” (p=1.2*10-5), which were also detected in the previous analysis, comprised 

23 and 17 upregulated proteins, respectively, in Mtb-infected hMDMs compared to uninfected 

cells. Most interestingly, “Metabolism” was found number 5 under the top 10 enriched 

pathways comprising the highest number of differentially regulated proteins, 78 of which were 

upregulated and 38 downregulated. Collectively, Mtb-infection induces alterations in several 

cellular processes related to immune response, subcellular compartments and cellular 

metabolism (Fig. 11). 

 

Figure 11: Proteome analysis of human macrophages revealed several enriched pathways upon Mtb 

infection.  

Human monocyte-derived macrophages were infected with Mtb at an MOI of 0.1 or left untreated for 7 

days. Subsequently, cells were lysed, digested and a liquid chromatography-based approach was 

performed to determine relative protein levels using label-free proteomics. A paired t-test followed by 

a Benjamini-Hochberg correction was used to determine differentially regulated proteins between Mtb-

infected hMDMs compared to uninfected hMDMs with a p-value less than or equal to 0.1. Pathway 

enrichment analysis was performed and differentially regulated proteins were compared to the reactome 

database using the online tool g: profiler. Depicted are the top 10 significantly enriched pathways, the 

number of up-and downregulated proteins found in this pathway and the respective p-values (n=5).  
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4.2.1 The effect of Mtb infection on glycolytic metabolism in primary human 

macrophages 

4.2.1.1 Mtb infection increases glycolytic parameters in human macrophages at day 7 post 

infection 

As described above, results from proteomics analysis revealed “Metabolism” to be one of the 

significantly enriched pathways upon Mtb infection, suggesting that Mtb infection induces 

alterations in macrophage bioenergetic metabolism. To examine the effect of Mtb infection on 

macrophage energy metabolism in more detail, hMDMs were left uninfected or infected with 

Mtb at an MOI of 0.05 and 0.1 for 7 days and subsequently, extracellular flux analysis was 

performed to study glycolytic metabolism. Glycolytic metabolism was analyzed by measuring 

the ECAR (mpH/min) of cell culture supernatants in real-time under basal conditions and upon 

serial injection of compounds interfering with glycolytic metabolism allowing the 

determination of several glycolytic parameters. 

Injection of glucose to the cells induces glycolysis and is reflected in an increase in ECAR 

levels (Fig. 12). As depicted in figure 13, Mtb infection resulted in increased ECAR levels after 

glucose injection by ~45% at an MOI of 0.1, respectively, when compared to uninfected cells.  

 

Figure 12: Graphic representation of the ECAR measurement of uninfected monocyte-derived 

macrophages during the XF Glyco Stress Test. 

Human monocyte-derived macrophages were seeded in XFe96 well plates, incubated for 7 days 

followed by extracellular flux analysis using the Glyco Stress Test according to the manufacturer’s 

instructions. ECAR (mpH/min) was first determined under basal conditions in absence of glucose, 

followed by ECAR measurement upon serial injection of glucose (10mM), oligomycin (1.5µM) and 2-

DG (50mM). After the measurement, cell viability was determined using crystal violet staining and 

normalized data was analyzed using the Wave Desktop Software 2.6 (Agilent Technologies). 
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Following glucose injection, oligomycin was added to the cells, which blocks mitochondrial 

ATP production and increases the ECAR to its maximum thereby allowing to determine 

glycolytic capacity (Fig. 12). Mtb-infected cells show an increase in glycolytic capacity as 

determined by an increase in ECAR of ~21% and 50% at an MOI of 0.05 and 0.1, respectively, 

when compared to the uninfected control. The increase in both glycolysis and glycolytic 

capacity in Mtb-infected cells reaches statistical significance at an MOI of 0.1 compared to 

uninfected cells (Fig. 13).  

The glycolytic reserve is determined by the difference between the ECAR after glucose 

injection and the ECAR after oligomycin injection (Fig. 12) and allows to determine how close 

cells work to their glycolytic maximum. Figure 13 shows that glycolytic reserve is dose-

dependently and significantly upregulated in Mtb-infected compared to uninfected hMDMs 

with an increase of up ~73% at an MOI of 0.1.  

 

Figure 13: Mtb-infection of hMDMs induces an increase in glycolytic parameters. 

Human monocyte-derived macrophages were infected with Mtb at an MOI of 0.05 and 0.1 or left 

untreated (UI) for 7 days and analyzed by extracellular flux analysis using the XF Glyco Stress Test. 

ECAR (mpH/min) was first determined under basal conditions in absence of glucose, followed by 

ECAR measurement upon serial injection of glucose (10 mM), oligomycin (1.5 µM) and 2-DG (50 

mM). After the measurement, cell viability was determined using crystal violet staining for the 

normalization of data. Glycolytic parameters were then calculated using the XF Glycolysis Stress Test 

report generator (Wave Desktop Software 2.6; Agilent Technologies). Statistical analysis was performed 

using a one-way ANOVA followed by a Holm-Šídák’s test for multiple comparison (n=3). Depicted is 

the mean + the standard error. * = p≤0.05. 
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Importantly, the ECAR measured before injection of glucose is due to non-glycolytic 

acidification caused by mitochondrial metabolism (Fig. 12). As shown in figure 13, Mtb 

infection resulted in the dose-dependent and significant increase ECAR values of the non-

glycolytic acidification amounting to approximately 28% and 16% increase at an MOI of 0.1 

and 0.05, respectively, compared to uninfected hMDMs. Albeit small, this increase in non-

glycolytic acidification might indicate induction of mitochondrial metabolism upon Mtb 

infection. Lastly, injection of the competitive inhibitor 2-DG results in the complete block of 

glycolysis (Fig. 12). 

In summary, these results indicate that Mtb infection results in a dose-dependent increase in 

glycolysis in hMDMs at day 7 post infection as evident by increased ECAR levels for the 

glycolytic parameters glycolysis, glycolytic capacity and glycolytic reserve. 

 

4.2.1.2 Mtb infection results in the upregulation of glycolytic proteins 

Extracellular flux analysis revealed that Mtb infection induces glycolytic metabolism in 

hMDMs. To further substantiate this, the protein expression of several proteins known to be 

involved in glucose metabolism was analyzed using label-free proteomics.  

The proteins SLC2A3 and SLC2A6, also referred to as GLUT3 and GLUT6, are involved in 

the uptake of glucose into macrophages56,57. As depicted in figure 14, a significant increase of 

~1.9 and ~2.1 fold was observed in SLC2A3 and SLC2A6 expression, respectively, in Mtb-

infected hMDMs compared to the control. In line with that, also an upregulation of two major 

kinases involved in the early steps of glycolysis137, namely ADP-dependent glucokinase 

(ADPGK) and HK2 was detected in Mtb-infected hMDMs compared to the control. However, 

due to donor variability, as reflected by the high standard errors, the Mtb-induced increase for 

these two proteins did not reach statistical significance yet (p-value of 0.1 and 0.09 for ADPGK 

and HK2, respectively). Interestingly, a substantial Mtb-induced decrease of approximately 

25% was observed for GAPDH protein expression compared to uninfected cells. Similarly, also 

a the aldo-keto reductase family 1 member A1 (AKR1A1), which is a regulator of glycolysis, 

was downregulated upon Mtb infection (p=0.1). This may indicate that the expression of several 

glycolytic proteins is differentially affected by Mtb infection.  

The pyruvate dehydrogenase (PDH) is known to couple glycolysis to OXPHOS in mitochondria 

by converting pyruvate to acetyl-CoA138. Interestingly, the protein expression of the regulatory 

subunit of the pyruvate dehydrogenase phosphatase, PDPR, was increased by ~31% during Mtb 
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infection of hMDMs compared to uninfected cells (p=0.052) (Fig. 14). This may indicate that 

there is an enhanced shift towards OXPHOS from the glycolytic pathway.  

Collectively, these results support the notion that Mtb infection induces glycolysis in hMDMs 

at day 7 post infection as demonstrated by the upregulation of several critical proteins involved 

in glucose metabolism.  

 

 

Figure 14: Mtb-infection results in the regulation of proteins involved in glycolysis. 

Human monocyte-derived macrophages were infected with Mtb at an MOI of 0.1 or left untreated for 7 

days. Subsequently, cells were lysed, digested and a liquid chromatography-based approach was 

performed to determine relative protein levels using label-free proteomics. Depicted is the label-free 

quantitation (LFQ) intensity of selected glycolytic proteins (all p ≤ 0.1), which were normalized to the 

respective uninfected control. Statistical analysis of proteomics data was performed with not-normalized 

data using a paired t-test followed by a Benjamini-Hochberg correction with not-normalized data (n=5). 

Depicted is the mean + standard error. * = p < 0.05 

 

4.2.2 Mtb-infected primary human macrophages have higher ATP demands 

The above described Mtb-induced upregulation of glycolytic parameters and increased 

expression of glycolytic proteins suggests that upon Mtb infection ATP might be produced 

through increased glycolysis. Therefore, extracellular flux analysis was performed to determine 

glycolytic ATP production rates (pmol ATP/min) (glycoATP) in uninfected and Mtb-infected 

hMDMs at day 7 post infection by measuring the ECAR and the proton efflux rate (pmol 

H+/min). Aside from the glycolytic ATP production, also the mitochondrial production of ATP 
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(mitoATP) through OXPHOS was determined by measuring the OCR (pmol O2/min). Serial 

injection of the mitochondrial inhibitors oligomycin and antimycin A/rotenone, respectively, 

enables the calculation of total ATP production rates, aside from the determination of 

mitochondrial and glycolytic contribution to the total ATP production.  

As depicted in figure 15, a substantial increase of ~45% in glycoATP was observed upon Mtb 

infection at an MOI of 0.1 compared to uninfected cells. However, the increase did not reach 

statistical significance in the three donors tested.  

MitoATP production was significantly increased in Mtb-infected hMDMs compared to the 

uninfected control leading to an increase of ~100% at an MOI of 0.1. In consequence of 

increased glycolytic and mitochondrial ATP production, total ATP production was also 

significantly increased by ~84% in hMDMs infected with Mtb at an MOI of 0.1, when 

compared to uninfected cells (Fig. 15).  

 

 

Figure 15: Mtb-infection induces an increase in ATP production in human macrophages. 

Human monocyte-derived macrophages were infected with Mtb at an MOI of 0.05 and 0.1 or left 

untreated (UI) for 7 days. Subsequently, extracellular flux analysis was performed using the XF Real-

time ATP Rate Assay. ECAR (mpH/min) and OCR (pmol/min) were first determined under basal 

conditions, followed by serial injection oligomycin (1.5 µM) and antimycin A/ rotenone (0.5 µM). After 

the measurement, cell viability was determined using crystal violet staining for the normalization of 

data. ATP production rates were then calculated using the report generator (Wave Desktop Software 

2.6; Agilent Technologies). Statistical analysis was performed using one-way ANOVA followed by a 

Holm-Šídák’s test for multiple comparison. Depicted is the mean + the standard error (n=3). ***= 

p≤0.001. 
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Interestingly, glycolytic ATP production in uninfected hMDMs accounts for approximately 

~27% of the total ATP production. In contrast, the contribution of mitoATP production in 

uninfected hMDMs is substantially higher compared to glycoATP and amounts to 73% of the 

total contribution, indicating that the bulk of energy in human macrophages is produced in 

mitochondria (Fig. 15). 

Taken together, the results indicate that Mtb infection in hMDMs induces glycolytic and 

mitochondrial ATP production leading to an increase in total ATP production. Furthermore, the 

data suggest that human macrophages produce most of the energy through mitochondrial 

respiration.  

 

4.2.3 The effect of Mtb infection on mitochondrial metabolism in primary human 

macrophages 

4.2.3.1 Respiratory metabolism in human macrophages is significantly increased upon Mtb 

infection 

As determined before (Fig. 15), the bulk of ATP in macrophages is produced in mitochondria 

compared to glycolysis. To further investigate this, extracellular flux analysis was used to study 

respiratory metabolism in hMDMs upon Mtb infection by measuring the OCR in cell culture 

supernatants in real-time under basal conditions and upon serial injection of compounds 

interfering with the ETC. This allowed the determination of several respiratory parameters.  

OCR was first measured under basal conditions to determine basal respiration (Fig. 16). Mtb 

infection resulted in an increase in OCR levels for basal respiration, which amounted to ~69% 

and ~30% at an MOI of 0.1 and 0.05, respectively, compared to uninfected cells. This effect 

reached statistical significance at an MOI of 0.1 (Fig. 17).  

After injection of oligomycin, OCR levels decreased due to the inhibition of the mitochondrial 

ATP synthase, allowing to determine the ATP-linked respiration as well as the proton leak (Fig. 

16). As depicted in figure 17, Mtb infection induced a significant increase of up to 76% in the 

OCR levels for the ATP-linked respiration at an MOI of 0.1 compared to uninfected cells. This 

observation further supports previous results indicating that mitochondrial ATP production is 

increased upon Mtb infection. While there is also a substantial, dose-dependent increase of up 

to 46% in the proton leak upon Mtb-infected compared to uninfected hMDMs, this effect did 

not reach statistical significance (Fig. 17).  
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Figure 16: Graphic representation of the OCR measurement of uninfected human macrophages 
during the XF Mito Stress Test. 

Human monocyte-derived macrophages were seeded in XFe96 well plates, incubated for 7 days, and 

subsequently, extracellular flux analysis was performed using the XF Mito Stress Test according to the 

manufacturer’s instructions. OCR (pmol/min) was first determined under basal conditions, followed by 

serial injection oligomycin (1.5 µM), FCCP (1 µM) and antimycin A/ rotenone (0.5 µM). After the 

measurement, cell viability was determined using crystal violet staining and normalized data were 

analyzed using the Wave Desktop Software 2.6 (Agilent Technologies). 

 

The subsequent injection of FCCP results in the depolarization of the inner mitochondrial 

membrane, which induces the free flow of protons across the mitochondrial membrane thereby 

inducing maximal respiration and an increase in OCR levels (Fig. 16). Figure 17 shows that the 

OCR levels for the maximal respiration were dose-dependently and significantly increased 

upon Mtb infection compared to uninfected hMDMs. This increase amounted to ~58% and 49% 

at an MOI of 0.1 and 0.05, respectively. Another respiratory parameter that can be calculated 

after injection of FCCP is the spare respiratory capacity, which is an indicator of how close 

cells work to their theoretical respiratory maximum (Fig. 16). As evident by increase OCR 

values, the spare respiratory capacity is substantially increased upon infection of hMDMs with 

Mtb compared to uninfected cells, indicating that Mtb infected cells have higher respiratory 

capacities (Fig. 17).  

Lastly, complete blockage of OXPHOS by injection of the complex I and II inhibitors antimycin 

A and rotenone, respectively, results in the decrease in OCR levels enabling the determination 

of non-mitochondrial respiration (Fig. 16). Similar to other respiratory parameters, non-

mitochondrial respiration is significantly upregulated upon Mtb infection, as suggested by a 

significant increase in OCR of up to ~70% at an MOI of 0.1 compared to the uninfected cells 
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(Fig. 17). This indicates, that other oxidative processes, which are not occurring in 

mitochondria, might be upregulated during infection with Mtb. 

Collectively this suggests that Mtb infection results in dose-dependently increased respiration 

in hMDMs at day 7 post infection, which was demonstrated by increased OCR levels for basal 

respiration, ATP-linked respiration and maximal respiration. Furthermore, an increase in non-

mitochondrial respiration might indicate that oxygen-consuming processes for example during 

detoxification processes or processes involving oxidases and oxygenase activity are 

upregulated during Mtb infection.  

 

 

 

Figure 17: Mtb-infection induces an increase in respiratory parameters. 

Human monocyte-derived macrophages were infected with Mtb at an MOI of 0.05 and 0.1 or left 

untreated (UI) for 7 days, and subsequently, extracellular flux analysis was performed using the XF 

Mito Stress Test. OCR (pmol/min) was first determined under basal conditions, followed by serial 

injection oligomycin (1.5 µM), FCCP (1 µM) and antimycin A/ rotenone (0.5 µM). Measurements were 

normalized using crystal violet staining. Respiratory parameters were then calculated using the XF Mito 

Stress Test report generator (Wave Desktop Software 2.6; Agilent Technologies). Statistical analysis 

was performed using one-way ANOVA followed by a Holm-Šídák’s test for multiple comparison. 

Depicted is the mean + the standard error (n=5). * = p≤0.05; ** = p≤0.01. 
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4.2.3.2 Mtb infection induces an increase in mitochondrial membrane potential 

As described above, extracellular flux analysis of hMDMs showed that Mtb infection induces 

an increase in cellular respiration and mitochondrial ATP production at day 7 post infection. 

This suggests, that mitochondria undergo substantial metabolic changes in response to Mtb 

infection. To further investigate this finding, mitochondrial activity was analyzed using flow 

cytometry. 

The mitochondrial dye Rho123 is often used to measure mitochondrial activity, as it 

accumulates in mitochondria depending on the Δ𝜳. In contrast, MitoTracker™ is a Δ𝜳-

independent dye used to determine mitochondrial mass117. Here, flow cytometry was used to 

determine Rho123 and MitoTracker Deep Red fluorescence intensity to determine 

mitochondrial activity relative to the mass. Infection of hMDMs with Mtb leads to a significant 

increase in the Rho123/MitoTracker mean fluorescence intensity (MFI) of approx. ~30% 

compared to uninfected cells (Fig. 18). This suggests that Mtb infection induces the activity of 

mitochondria in hMDMs, which is in line with the Mtb-induced increase in respiratory 

parameters observed by extracellular flux analysis. 

 

 

Figure 18: Mtb-infection induces alterations in 

mitochondrial activity. 

Human monocyte-derived macrophages infected with Mtb at 

an MOI of 0.1 or left untreated (UI) for 7 days, washed and 

stained with Rho123 (0.5 µg/ml) and MitoTracker (300nM) 

and subsequently analyzed using flow cytometry. The ratio of 

Rho123/MitoTracker MFI was determined and normalized to 

the uninfected sample (n=4). Statistical analysis was 

performed with not-normalized data using a paired t-test. 

Depicted is the mean + the standard error. * = p≤0.05 
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4.2.3.3 Mtb infection results in alterations to the mitochondrial organization 

Mitochondrial morphology is directly and indirectly linked to cellular energetic metabolism73. 

As prior observations (section 4.2.3.1 and 4.2.3.2) suggest alterations in mitochondrial energy 

production upon infection, structural changes in mitochondria of Mtb-infected hMDMs were 

analyzed by determining the expression of mitochondrial proteins. 

Analysis of the proteome of hMDMs using the gene ontology database allowed to determine in 

which cellular component differentially regulated proteins are significantly over-or 

underrepresented in Mtb-infected cells. This analysis revealed that the cellular components 

“Mitochondrion”, “Mitochondrial matrix” and “Mitochondrial envelope” are among the 

significantly enriched cellular components upon Mtb infection (Suppl. fig. 2). This suggests 

that in Mtb-infected hMDMs the expression of proteins, which are either localized in 

mitochondria or the function of which is associated with mitochondrial function, is significantly 

altered upon Mtb-infection. 

Among the significantly upregulated mitochondria-associated proteins, the superoxide 

dismutase 2 (SOD2), which is involved in detoxification of mitochondrial ROS139, the surfeit 

locus protein 1 (SURF1), a regulator of cytochrome C oxidase140, and paraplegin (SPG7), which 

is a regulator of the mitochondrial permeability transition pore141, showed the strongest fold 

increase upon Mtb-infection compared to uninfected cells (Fig. 19). 

Moreover, the mitochondrial fission process protein 1 (MTFP1), the mitochondrial 

polyribonucleotide nucleotidyltransferase 1 (PNPT1), which are both involved in regulating 

mitochondrial translation are also significantly upregulated142,143. Further significantly 

upregulated proteins include the thymidine phosphorylase TYMP, which is required for 

mitochondrial DNA replication, the urokinase plasminogen activator surface receptor 

(PLAUR), which regulates cytochrome c release, and the protein arginine methyltransferase 

NDUFAF7, which is required for complex I stability144. Interestingly, also the signal transducer 

and activator of transcription family 3 (STAT3), which has a regulatory role in the ETC, as well 

as ATP and ROS production145, was also among the significantly upregulated proteins in Mtb-

infected hMDMs compared to uninfected cells (Fig. 19).  

Collectively, analysis of the expression of mitochondrial proteins suggests that mitochondria 

undergo significant organizational alterations upon infection Mtb, which might affect the 

function, activity and morphology of mitochondria. 
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Figure 19: Mtb-infection results in the significant upregulation of mitochondrial proteins. 

Human monocyte-derived macrophages were infected with Mtb at an MOI of 0.1 or left untreated for 7 

days. Subsequently, cells were lysed, digested and a liquid chromatography-based approach was 

performed to determine relative protein levels using label-free proteomics. Depicted is the fold-change 

of selected upregulated proteins (p < 0.05), which are related to mitochondria, in Mtb-infected hMDMs 

compared to uninfected cells. Statistical analysis was performed with not-normalized data using a paired 

t-test followed by a Benjamini-Hochberg correction with not-normalized data (n=5). Depicted is the 

mean + the standard error. * = p≤0.05 

 

4.2.3.4 Mtb infection causes a decreased mitochondrial DNA content 

To further substantiate Mtb-induced changes in mitochondria, the mitochondrial DNA content 

was measured using quantitative RT-PCR. As depicted in figure 20, Mtb-infection results in a 

dose-dependent, significant decrease in the mitochondrial/nuclear DNA ratio compared to 

uninfected hMDMs amounting to a ~32% decrease at an MOI of 0.1 compared to the uninfected 

control. This suggests that Mtb infection induces a significant decrease in mitochondrial DNA, 

which might affect the morphology and function of mitochondria146.  

Collectively, the results obtained when analyzing mitochondrial metabolism indicate that 

mitochondria might undergo substantial structural and bioenergetic alterations as evident by 

increased respiratory rates and mitochondrial membrane potential, altered mitochondrial 

organization and mitochondrial protein expression as well as a decrease in mitochondrial DNA. 

SO
D
2

SU
R
F1

SP
G

7

M
TFP

1

P
N
P
T1

TY
M

P

P
LA

U
R

N
D
U
FA

F7

S
TA

T3

0

1

2

4

5

L
F

Q

fo
ld

-c
h
a
n
g
e

UI

Mtb

*

*
*

* * * *

*

*



Results 

59 

 

Figure 20: Mtb-infection reduces mitochondrial DNA 

levels. 

Human monocyte-derived macrophages were infected 

with Mtb at an MOI of 0.1 or left untreated (UI) for 7 days 

and lysed in trizol. After DNA extraction quantitative RT-

PCR was performed determining expression levels of 

microglobulin (B2M) and tRNALeu(UUR), which are 

encoded on the nuclear and mitochondrial DNA, 

respectively. The tRNALeu(UUR) expression relative to the 

B2M expression was calculated, thereby determining the 

ratio of mitochondrial/nuclear DNA. Statistical analysis 

was performed using one-way ANOVA followed by a 

Holm-Šídák’s test for multiple comparison (n=4). 

Depicted is the mean + the standard error. ** = p≤0.01; 

***= p≤0.001. 

 

4.2.3.5 Fatty acids are the major substrate fueling respiration in Mtb-infected human 

macrophages 

As described above, Mtb infection results in increased mitochondrial activity and respiration in 

hMDMs. Respiration is fueled by the metabolization of three major substrates, glucose, 

glutamine, or fatty acids. To determine which substrate fuels OXPHOS during Mtb infection, 

extracellular flux analysis was performed and OCR was measured. By injection of the 

compounds UK5099, BPTES and etomoxir the supply of glucose, glutamine and fatty acids, 

respectively, was pharmacologically blocked, which allows calculating the dependency of 

hMDMs respiration on each of these substrates as has been described before115. 

As illustrated in figure 21, uninfected cells show the highest dependency of ~40% on glucose, 

followed by ~31% dependency on fatty acids and ~22% glutamine dependency. However, when 

hMDMs are infected with Mtb, a shift in the substrate dependency is observed. This becomes 

evident by a substantial decrease of ~23% in the dependency on glucose upon Mtb infection 

compared to uninfected cells. In contrast, the dependency on fatty acids significantly increases 

from ~31% in uninfected cells to ~40% in Mtb-infected cells. No significant difference was 

observed in the dependency on glutamine upon Mtb infection in hMDMs.  
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These results suggest that upon Mtb infection, hMDMs increasingly depend on fatty acids to 

fuel OXPHOS, as demonstrated by increased fatty acid dependency in cells infected with Mtb 

compared to the control. This might suggest, that infection of hMDMs with Mtb, induces an 

increase in FAO at 7 days post infection. 

 

 

Figure 21: Mtb-infection induces an increase in the dependency on fatty acids in human 

macrophages. 

Human monocyte-derived macrophages infected with Mtb at an MOI of 0.1 or left untreated (UI) for 7 

days, and subsequently extracellular flux analysis performed using the XF MitoFuel Dependency Assay. 

OCR (pmol/min) was determined under basal conditions and following the injection of either BPTES 

(3µM), UK5099 (2µM) and etomoxir (16µM) or a combination thereof (section 3.2.6). % Dependency 

to each substrate was calculated using the report generator (Wave Desktop Software 2.6; Agilent 

Technologies). Statistical analysis was performed using a paired t-test (n=4). Depicted is the mean + the 

standard error. * = p≤0.05.  
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4.2.4 Mtb infection alters fatty acid metabolism in primary human macrophages 

4.2.4.1 Infection of human monocyte-derived macrophages with Mtb induces alterations in 

pathways related to the degradation of fatty acids 

Extracellular flux analysis indicated that Mtb infection induces respiratory metabolism through 

the increased metabolization of fatty acids. To investigate this further, the relative protein 

expression of proteins related to fatty acid oxidation in uninfected and Mtb-infected hMDMs 

was analyzed.  

Comparing differentially regulated proteins between uninfected and Mtb-infected cells to the 

KEGG database to perform a functional enrichment analysis revealed that “Fatty acid 

degradation” is among the significantly enriched pathways (Suppl. Fig. 3).  

To analyze this further, relative protein expression of selected proteins involved in peroxisomal 

and mitochondrial fatty acid degradation were evaluated. As depicted in figure 22, infection of 

hMDMs with Mtb at an MOI of 0.1 resulted in the increase of relative protein expression of 

several proteins as evident by increased LFQ intensity values.  

Peroxisomal acyl-coenzyme A oxidase (ACOX) 1 and 3 are two proteins that are critically 

involved in the first step of FAO in peroxisomes147. Upon Mtb infection relative protein 

expression is significantly upregulated by 1.9 and 2.2-fold compared to the uninfected control 

for both ACOX1 and ACOX3, respectively. In line with that, the peroxisomal protein acyl-CoA 

thioesterase (ACOT) 8, which is described to be involved in peroxisome proliferation and 

lipolysis148, was substantially increased by ~40% in Mtb-infected cells compared to the control 

(Fig. 22). This might indicate that peroxisomal metabolism and fatty acid degradation are 

increased upon Mtb infection in primary human macrophages.  

The aldehyde dehydrogenase (ALDH2) is a mitochondrial enzyme important for the breakdown 

of byproducts from the oxidative degradation of lipids149. As depicted in figure 22, Mtb 

infection causes a significant increase of ~80% in ALDH2 LFQ intensity compared to the 

control, which might indicate that upon Mtb infection increased removal of byproducts of FAO 

is required in hMDMs. 
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Figure 22: Proteins related to fatty acid degradation and peroxisome are upregulated in Mtb-

infected human macrophages. 

Human monocyte-derived macrophages were infected with Mtb at an MOI of 0.1 or left untreated for 7 

days. Subsequently, cells were lysed, digested and a liquid chromatography-based approach was used 

to determine relative protein expression using label-free proteomics. Depicted is the fold-change of 

selected upregulated proteins involved in FAO in Mtb-infected hMDMs compared to uninfected cells. 

Statistical analysis was performed with not-normalized data using a paired t-test followed by a 

Benjamini-Hochberg correction with not-normalized data (n=5). Depicted is the mean + the standard 

error. * = p≤0.05; ** = p≤0.01 

 

Another protein involved in the transport of FA for FAO is the carnitine acetyltransferase 

(CRAT), which transfers the acyl-group from acyl-CoA to carnitine150. In figure 22 it is shown 

that the relative CRAT expression was substantially increased by ~1.5-fold in hMDMs infected 

with Mtb compared to the uninfected control. Similarly, in Mtb-infected hMDMs, the 

ACASDB expression was substantially upregulated by ~37% compared to uninfected cells. The 

acyl-CoA dehydrogenase ACADSB is a mitochondrial protein required for the 

dehydrogenation of short/branched fatty acids during FAO151. Another protein required for the 

transfer of electrons produced by ACAD during FAO is the electron transfer flavoprotein 

subunit alpha (ETFA)152. Similar to other enzymes involved in FAO, ETFA expression was 

upregulated by ~36% upon Mtb infection. In addition to that, the relative protein expression of 

the 2,4-dienoyl-CoA reductase 1 (DECR1), which is an auxiliary enzyme for the FAO of 

unsaturated fatty acids153, is substantially increased in response to an Mtb in hMDMs.  
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Collectively, analysis of the expression of proteins involved in peroxisomal and mitochondrial 

fatty acid metabolism supports the notion that Mtb infection induces FAO in primary human 

macrophages at day 7 post infection. 

 

4.2.4.2 Mtb infection induces the expression of several ACSL isoforms in human 

macrophages 

ACSL proteins are a family of enzymes catalyzing the thioesterification of FFA forming acyl-

CoAs. As this is a critical step for the degradation of fatty acids in mitochondria, the protein 

expression of several ACSL isoforms was analyzed in hMDMs during Mtb infection.  

 

Figure 23: ACSL protein expression is upregulated in Mtb-infected human macrophages.  

Human monocyte-derived macrophages were infected with Mtb at an MOI of 0.1 or left untreated (UI) 

for 7 days. Subsequently, cells were lysed, digested and a liquid chromatography-based approach was 

used to determine relative protein expression levels (LFQ intensity) of ACSL1, 3, 4, and 5 using label-

free proteomics. Statistical analysis was performed using a paired t-test followed by a Benjamini-

Hochberg correction (n=5). Depicted is the mean + the standard error. * = p≤0.05.  
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As shown in figure 23, the protein expression of ACSL4 and ACSL5 is significantly 

upregulated by ~37% and ~81%, respectively, in Mtb-infected cells compared to the uninfected 

control. In line with that, also the relative expression of ACSL1 and ACSL3 is increased by 

22% (p=0.07) and 31% (p=0.06) in Mtb-infected hMDMs. However, the difference observed 

for ACLS1 and ACLS3 does not reach statistical significance due to high donor variability.   

In summary, these data show that ACSL protein expression is substantially upregulated in Mtb-

infected hMDMs, which supports the observation of increased FAO during Mtb infection. 

Furthermore, these data also imply increased thioesterification of FFAs to acyl-CoAs due to 

increased ACSL expression, which might result in reduced levels of FFAs.  

 

4.2.4.3 Infection of human macrophages with Mtb results in decreased FFA levels 

Since a significant increase in the expression of FFA metabolizing ACSL proteins, which 

convert FFA to acyl-CoA, was observed, the FFA levels in uninfected and Mtb-infected human 

macrophages were next analyzed. To do so gas chromatography followed by mass spectrometry 

was used to determine total FFA levels and the levels of specific FFA species (ng FFA/µg 

protein). 

As depicted in figure 24, Mtb infection resulted in a dose-dependent reduction of total FFA 

levels in hMDMs compared to uninfected cells. This reduction reached up to ~41% at an MOI 

of 0.5, but due to the variability of the four donors tested, this effect did not reach statistical 

significance yet.  

 

Figure 24: Dose-dependent decrease in total FFA 

levels upon Mtb infection of hMDMs. 

Human monocyte-derived macrophages were 

infected with Mtb at an MOI of 0.1 and 0.5 or left 

untreated (UI) for 7 days, subsequently lysed in 

methanol containing 0.147% BHT and FFA as 

described before. Subsequently, gas 

chromatography followed by mass spectrometry 

was used to quantify the total abundance (ng FFA/µg 

protein) of FFA. Statistical analysis was performed 

using one-way ANOVA followed by a Holm-

Šídák’s test for multiple comparison.  

 

UI

M
O
I0

.1

M
O

I0
.5

0

10

20

30

40

n
g
 F

F
A

/
µ

g
 p

ro
te

in

p=0.0821



Results 

65 

When analyzing the levels of individual FFA species (Fig. 25), a dose-dependent decrease for 

lauric acid (C12:0), palmitoleic acid (C16:1) and stearic acid (C18:0) upon Mtb infection 

compared to uninfected cells was observed. Myristic acid (C14:0) levels and palmitic acid 

(C16:0) levels were significantly reduced upon Mtb infection amounting to a ~70% and a ~51% 

decrease, respectively, at an MOI of 0.5. Oleic acid (C18:1) is the most prominent FFFA and 

was substantially reduced in Mtb infected hMDMs compared to the control. However, this 

effect did not reach statistical significance in the 4 donors tested. No clear effect in response to 

Mtb infection was observed for linoleic acid (C18:2), eicosenoic acid (C20:1) and arachidonic 

acid (C20:4) in the four donors tested, indicating no substantial differences in these FFA species 

(Fig. 25).  

In summary, these results indicate that Mtb infection results in a reduction of FFA levels, 

particularly free myristic acid, palmitic acid and oleic acid levels. This effect could be related 

to the increased expression of ACSL proteins during Mtb infection. 

 

 

Figure 25: Dose-dependent decrease of several FFA species upon Mtb infection of hMDMs. 

Human monocyte-derived macrophages were infected with Mtb at an MOI of 0.1 and 0.5 or left 

untreated (UI) for 7 days, subsequently lysed in methanol containing 0.147% BHT and FFA as described 

before. Subsequently, gas chromatography followed by mass spectrometry was used to quantify the total 

abundance (ng FFA/µg protein) of several FFA species. Statistical analysis was performed using a one-

way ANOVA followed by a Holm-Šídák’s test for multiple comparison. * = p≤0.05. 
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A) B) 

4.2.4.4 Infection of human macrophages with Mtb does not affect cellular neutral lipid 

levels 

Free fatty acids, upon esterification by ACSL, can be degraded in mitochondria or incorporated 

into neutral lipids such as TAGs. As an Mtb infection-induced decrease in FFA levels and 

increased ACSL expression was detected, it was next determined if these FFA are incorporated 

into neutral lipids. To do so mass spectrometry was used to determine the levels of neutral lipids 

such as TAGs, DAGs and CEs in Mtb-infected and uninfected hMDMs. 

Mass spectrometric analyses revealed that Mtb infection of hMDMs for 7 days has no 

significant effect on total TAG levels (pmol/µg protein) at both MOIs tested compared to 

uninfected cells (Fig. 26A). In agreement with that, mass spectrometric analysis of 6 additional 

donors revealed that also total neutral lipid levels, i.e. the sum of DAGs, TAGs and CEs, of 

uninfected hMDMs were indistinguishable between uninfected and Mtb-infected hMDMs 

(Suppl. Fig. 4).  

 

    

Figure 26: TAG levels and neutral lipid levels in human macrophages upon Mtb infection. 

Human monocyte-derived macrophages infected with Mtb at an MOI of 0.1 and 0.5 or left untreated 

(UI) for 7 days, and A) subsequently lysed in methanol containing 0.147% BHT and total lipids were 

extracted according to the MTBE-method. Subsequently, mass spectrometry was used to quantify the 

total abundance (pmol/µg protein) of TAG (n=4). B) Cells were fixed with 1% PFA for 24 hours and 

then stained with 1µg/ml BODIPY™493/503 for 15 minutes. Subsequently, the mean fluorescence 

intensity of cells was measured using flow cytometry Statistical analysis was performed using one-way 

ANOVA followed by a Holm-Šídák’s test for multiple comparison. 
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To corroborate these mass spectrometric results, uninfected and Mtb-infected hMDMs were 

stained with the neutral lipid dye BODIPY™493/503 and analyzed by flow cytometry. This 

revealed that Mtb infection did not affect neutral lipid levels compared to uninfected cells, as 

shown by similar BODIPY™493/503 mean fluorescence intensity in uninfected and infected 

cells (Fig. 26B).  

Collectively, these data suggest that, while total FFA levels are reduced, neutral lipid levels 

remain unchanged in Mtb-infected hMDMs compared to the control. Taken together with 

previous observations this could be explained by increased esterification of FFAs to acyl-CoAs 

by ACSL and subsequent degradation through FAO.  

 

4.2.4.5 Supplementation of Mtb-infected macrophages with exogenous fatty acid enhances 

intracellular neutral lipid levels 

As described before, Mtb-infection did not result in increased total neutral lipid levels in 

hMDMs on a whole-cell level. However, the occurrence of lipid-laden, foamy macrophages has 

been described to promote TB by contributing to a high lipid environment that promotes Mtb 

growth22. As Mtb infection itself did not induce accumulation of neutral lipids in human 

macrophages (Fig. 26), Mtb-infected hMDMs were supplemented with exogenous fatty acids, 

such as the saturated palmitic acid and the unsaturated oleic acid and subsequently the effect on 

neutral lipid levels was analyzed using flow cytometry.  

Mtb-infected hMDMs were incubated with increasing concentrations (i.e. 40µM and 200µM) 

of palmitic acid and oleic acid for 7 days and stained with BODIPY493/503 as described above. 

As depicted in figure 27, supplementation with palmitic and oleic acid leads to a dose-

dependent increase in the BODIPY signal. This increase amounted to approximately 26% and 

44% with 40µM and 200µM of palmitic acid, respectively. Interestingly, however, the 

supplementation of 40µM and 200µM of oleic acid, resulted in a statistically significant 

increase of approximately 90% and 180%, respectively.  

This indicates that Mtb-infected macrophages accumulate neutral lipids when supplemented 

with exogenous fatty acids and that unsaturated oleic acid is more prominently incorporated 

into neutral lipids than saturated palmitic acid. 
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Figure 27: Supplementation with exogenous 

fatty acids leads to enhance BODIPY 

fluorescence in hMDMs. 

Human monocyte-derived macrophages 

infected with Mtb at an MOI of 0.1 and 

incubated with either BSA or exogenous 

palmitic acid and oleic acid at the indicated 

concentration for 7 days. Cells were fixed with 

and then stained with BODIPY™493/503. The 

mean fluorescence intensity was measured 

using flow cytometry (n=3). Statistical analysis 

was performed with non-normalized data using 

one-way ANOVA followed by a Holm-Šídák’s 

test for multiple comparison. Depicted is the 

fold-change compared to the BSA-Ctrl as mean 

+ the standard error. ** = p≤0.01; ***= 

p≤0.001.  

 

 

4.2.4.6 Supplementation of Mtb infected cells with exogenous palmitic and oleic acid 

induces macrophage death 

Lipid overload was described to cause cell dysfunction and cell death99,154. As the above-

described data show that incubation of Mtb-infected hMDMs with exogenous palmitic and oleic 

acid results in a strong accumulation of intracellular neutral lipid, the effect of exogenous fatty 

acid supplementation on cell death was analyzed.  

To this end, hMDMs were treated with palmitic and oleic acid as described before and cell 

death was analyzed in uninfected and Mtb-infected cells after 24 hours of infection by 

measuring the DRAQ7 fluorescence signal155. In figure 28 it is shown that in uninfected cells 

palmitic acid at a concentration of 400µM resulted in a significant increase of DRAQ7 

fluorescence counts of approx. 7.7-fold compared to the BSA control. In contrast, oleic acid 

treatment did not affect DRAQ7 fluorescence in uninfected cells, even at the highest 

concentration. This suggests, that in uninfected cells only palmitic acid, but not oleic acid, 

results in increased cell death. 

Interestingly, however, in Mtb-infected hMDMs palmitic and oleic acid had similar effects. 

Given the earlier time point of measurement (24h), a higher infectious dose, e.g. an MOI of 1, 
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was chosen for this set of experiments. This analysis revealed that palmitic acid induces a 

statistically significant increase of 5.9-fold in DRAQ7 fluorescence at a concentration of 

400µM compared to BSA control in Mtb-infected hMDMs. Similar to palmitic acid, also oleic 

acid resulted in increased DRAQ7 fluorescence counts in Mtb-infected hMDMs. This oleic 

acid-induced increase reached up to 8.3-fold at a concentration of 400µM compared to the BSA 

control (Fig. 28). This suggests, that both, palmitic and oleic acid treatment, induces cells death 

in Mtb-infected hMDMs already after 24h of treatment. Importantly, Mtb infection alone 

resulted in a 2.1-fold increase compared to uninfected cells upon in BSA control treatment. 

However, this increase did not reach statistical significance. 

 

Figure 28: DRAQ7 fluorescence is increased upon supplementation with exogenous fatty acids in 

Mtb-infected hMDMs. 

Human monocyte-derived macrophages infected with Mtb at an MOI of 1 and incubated with either 

BSA or exogenous palmitic acid and oleic acid at the indicated concentration for 24 hours. Cells were 

stained with 3µM DRAQ7 and DRAQ7 fluorescence counts and cell count was measured on a Cytation 

1 plate reader. Statistical analysis was performed using one-way ANOVA followed by a Holm-Šídák’s 

test for multiple comparison (n=3). Depicted is the mean + the standard error. # = p≤0.05; ## = p≤0.001. 

PA= palmitic acid; OA= oleic acid. 

 

Collectively, these data suggest that Mtb infection in a lipid-rich environment is associated with 

enhanced levels of cell death. Furthermore, it was observed that treatment with exogenous 

palmitic acids promotes cell death in Mtb-infected as well as uninfected cells. In contrast, 

supplementation with exogenous oleic acid requires infection with Mtb to induce cell death in 

hMDMs at the time points and concentrations tested.  
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4.2.4.7 Supplementation with exogenous palmitic and oleic acid promotes Mtb growth in 

primary human macrophages 

Mtb infection was described to induce necrotic cell death in macrophages to promote 

dissemination and growth156. As described above, supplementation with exogenous fatty acids 

leads to an accumulation of neutral lipids and induces cell death in Mtb-infected human 

macrophages. Therefore, it was next analyzed how exogenous fatty acid supplementation 

affects Mtb growth in hMDMs in vitro. To this end, Mtb-infected hMDMs were incubated with 

palmitic acid and oleic acid for 7 days and CFU were determined. Incubation with palmitic acid 

resulted in a significant increase in CFU of 69% at a concentration of 40µM compared to the 

BSA control. Similarly, also oleic acid supplementation significantly induced Mtb growth as 

reflected by a 45% increase in CFU compared to the BSA control (Fig. 29). Collectively, these 

data suggest that fatty acid supplementation of hMDMs leading to increased neutral lipid levels 

and cell death promotes Mtb growth in vitro.  

Collectively, these data indicate that supplementation of Mtb-infected hMDMs with exogenous 

fatty acids resulted in increased accumulation of neutral lipids, which coincides with increased 

Mtb growth and cell death. 

 

 

 Figure 29: Mtb growth is increased upon 

supplementation with exogenous fatty acids. 

Human monocyte-derived macrophages infected 

with Mtb at an MOI of 0.1 and incubated with either 

BSA or exogenous palmitic acid and oleic acid at the 

indicated concentration for 7 days. Cells were lysed 

in water, plated in 7H9 agar plates and incubated for 

3 weeks. Colonies were counted and colony forming 

units determined (n=7) and normalized to the protein 

concentration. Statistical analysis was performed 

with non-normalized data using one-way ANOVA 

followed by a Holm-Šídák’s test for multiple 

comparison. Results were normalized to the BSA-

Control and depicted as the mean + the standard 

error. * = p≤0.05; ** = p≤0.01. 
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4.3 Isolation of lipid droplets from primary human macrophages 

The above-described results indicate that neutral lipids play a crucial role during Mtb infection 

as excess lipids lead to increased macrophage cell death and Mtb growth. Since in the present 

study neutral lipid levels remained unchanged on a whole-cell level, compartmentation of 

neutral lipids, particularly in LDs, was analyzed next. To do so LDs were isolated from a whole 

cell lysate (WCL) and separated from other cellular compartments such as mitochondria and 

the ER as described in section 3.2.8. Western blot analysis was then used to determine the 

protein expression of several organelle-specific markers proteins in the WCL, the lipid droplet-

enriched fraction (LDF), the mitochondrial fraction (MF) and the ER fraction (ERF). 

Subsequently, lipidomics and proteomics were performed to determine the lipidome and 

proteome of the LDF in uninfected and Mtb-infected hMDMs. 

 

4.3.1 Characterization of organelle fractions isolated from primary human macrophages 

4.3.1.1 The lipid droplet-enriched fraction shows low protein expression levels of 

calreticulin and manganese-dependent superoxide dismutase 

Firstly, the protein expression of distinct marker proteins, which are localized to mitochondria, 

the ER and LDs, respectively, was analyzed in the WCL, LDF, MF and ERF to address the 

purity of each fraction. To do so, WB analyses using antibodies against distinct marker proteins 

were performed and protein expression was quantified using a chemiluminescence detection 

approach.  

The manganese-dependent superoxide dismutase (MnSOD) is a mitochondrial protein 

localized in the mitochondrial matrix, where it is required for the removal of mitochondrially 

generated superoxide139. Supplementary figure 5 shows that a distinct signal was observed in 

the WCL and MF when using an antibody-directed against MnSOD (~20 kDa) in contrast to 

the ERF and LDF, where no band was detected. Quantification of the relative signal intensity 

per µg protein revealed a mean signal intensity of ~6.4 in the MF, which was significantly 

higher compared to WCL with a mean signal intensity of ~1.3 (Fig. 30). In contrast, the relative 

signal intensity in LDF and ERF was below 1, which indicates a low presence of the 

mitochondrial protein MnSOD in the LDF and ERF compared to the WCL or MF.  

Calreticulin (CAL) is a protein localized in the ER involved in Ca2+ storage, cell 

adhesion, phagocytosis and nuclear export157. Chemiluminescent detection of a specific 

antibody directed against CAL (~60 kDa) resulted revealed a prominent signal in the WCL and 
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ERF, but also a weaker signal in the MF (Suppl. Fig. 5). Quantification of the CAL signal 

intensity/µg protein showed the highest intensity of ~54 in the ERF, which is significantly 

higher compared to the WCL and the LDF (Fig. 30). Similarly, also in the MF the relative signal 

intensity of CAL was substantially lower compared to the ERF, suggesting an enhanced 

presence of the ER protein CAL in the ERF compared to a lower abundance in the WCL, LDF 

and MF.  

Alpha tubulin (α-TUB) with the other tubulin isoforms assembles into heterodimers 

thereby forming microtubules158. It is often used as a cytoplasmic or cytoskeletal marker159. 

Supplementary figure 5 demonstrates a substantial chemiluminescence signal when using an 

antibody directed against α-TUB (~50 kDa) in the WCL and LDF, while no or only a signal is 

observed in the MDF and ERF, respectively. In line with this, the highest α-TUB intensity was 

observed in the LDF followed by the WCL amounting to 9.4 and 4.0, respectively. While in the 

WCL the signal was substantially lower compared to the LDF, this difference did not reach 

statistical significance due to high variation between the experiments (Fig. 30). Compared to 

the LDF, a significantly lower (~90%) α-TUB signal intensity was detected in the ERF and MF, 

indicating that the ERF and MF contain low levels of this cytoskeletal protein, while it is highly 

present in the WCL and LDF.  

The protein perilipin 3 (PLIN3) is described to attach to the membrane of LDs and 

plays a crucial role in LD biogenesis and stabilization, prostaglandin production and 

intracellular trafficking160,161. As depicted in supplementary figure 5, signals were observed in 

the WCL and LDF when using an antibody directed against PLIN3 (~47 kDa). Quantification 

of the relative intensities per µg protein revealed a strong PLIN3 signal in the WCL of ~11. In 

the LDF the PLIN3 signal was substantially higher by ~68%, but due to strong variations 

between the independent experiments, this increase is not statistically significant (Fig. 30). In 

the ERF and MF, a significantly reduced PLIN3 intensity was observed compared to the WCL, 

which collectively indicates that LD-coating protein PLIN3 is enriched in the LDF compared 

to the other fractions analyzed. 

Collectively, these results indicate that the LDF shows a low presence of mitochondrial and ER 

proteins, as determined by a low intensity of MnSOD and CAL. In line with that, enrichment 

of the LD protein PLIN3 was observed in the LDF, which indicates a strong accumulation of 

LDs in the LDF isolated from hMDMs.  
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Figure 30: MnSOD, CAL, α-TUB and PLIN3 expression levels in the WCL, LDF, ERF, MF isolated from 

primary human macrophages. 

Human monocyte-derived macrophages were incubated for 7 days, lysed and subsequently, the MF, 

ERF and LDF were isolated from the WCL as described in section 3.2.8. SDS lysis buffer was added to 

each fraction and SDS-PAGE followed by a Western Blot analysis was performed. Antibodies against 

MnSOD, CAL, α-TUB and PLIN3 were used to measure the protein expression using a 

chemiluminescence detection approach on the Chemidoc Imaging System (Bio-Rad). The relative 

intensities of protein bands (per µg protein) compared to the background were quantified using the 

Image Lab Software. Statistical analysis was performed using one-way ANOVA followed by a Holm-

Šídák’s test for multiple comparison. For comparison with the LDF * = p≤0.05; ** = p≤0.01; ***= 

p≤0.001; For comparison to the WCL # = p≤0.05; ## = p≤0.01; 
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4.3.1.2 Relative distribution of several lipid classes in the WCL, MF, ERF and LDF isolated 

from human macrophages 

As described before, WB analysis indicated a strong expression of the LD marker PLIN3 in the 

LDF, while the mitochondrial and ER marker MnSOD and CAL, respectively, were present at 

a low level. To further characterize the LDF, lipidomic analysis was performed to analyze the 

lipid composition of each fraction and determine the relative abundance of lipids.  

Depicted in figure 31 is the relative abundance (in Mol%) of lipid classes detected in the WCL, 

LDF, ERF and the MF of uninfected hMDMs. The most abundant lipids accounting for ~98% 

of total lipids were phosphatidylcholines (PCs), TAGs, cholesterol, sphingomyelins (SMs), 

phosphatidylethanols (PEs), phosphatidylinositols (PIs), phosphatidylserines (PSs) and DAGs. 

As shown in this figure, the relative abundances of these lipids strongly vary between the LDF 

and the WCL, ERF and MF. While the most abundant lipid in the WCL, the ERF and the MF 

are PCs with ~41%, 42% and 37%, respectively, the most abundant lipid in the LDF are TAGs, 

which account for ~40% of all lipids. In contrast, TAGs account for a substantially lower 

amount of only ~8% in the WCL. Similar to PCs, the Mol% of other lipids such as cholesterols, 

SMs, PEs, PIs, PSs and LPCs is substantially smaller in the LDF compared to the WCL, the 

ERF and the MF. Contrary to that, the relative abundance of the DAGs is higher in the LDF 

accounting for 4.5% compared to the other three fractions, where DAGs only accounted for up 

to 1% of all lipids detected (Fig. 31).  

Taken together, the data indicate that there is an increased relative abundance of the neutral 

lipids TAGs and DAGs and a decreased abundance of membrane lipids in the LDF compared 

to WCL, the ERF and the MF. In agreement with results from the Western Blot analysis, this 

indicates that the LDF indeed shows a high enrichment of LDs, as indicated by high levels of 

neutral lipids versus membrane lipids and enrichment of the LD-associated protein PLIN3.  
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Figure 31: Relative distribution of lipid classes in the WCL, LDF, ERF and MF isolated from primary 

human macrophages. 

Human monocyte-derived macrophages were incubated for 7 days, lysed and subsequently, the MF, 

ERF and LDF were isolated from the WCL as described in section 3.2.8. The MF was pelleted from the 

WCL by centrifugation for 20 minutes at 10,200 x g. The supernatant was removed and centrifuged for 

3 hours at 25,000 x g to separate the ERF (pellet) and LDF, which are floating on top. Methanol was 

added to the fractions and total lipids were extracted according to the MTBE-method. Subsequently, 

mass spectrometry was used to quantify lipid classes in each fraction and the Mol% of each lipid class 

was calculated. Others= sum of LPC, LPE, CL, CE, Cer, PG, PA 

 

4.3.1.3 Neutral lipid levels are significantly increased while other lipid classes are decreased 

in the LDF isolated from human macrophages compared to the other fractions 

According to figure 31, it was determined, that the lipid composition in the LDF differs from 

that of the WCL, the ERF and the MF. To further investigate the purity of the LDF compared 

to other fractions, the absolute lipid concentration (pmol/µg protein) of selected lipids in the 

LDF was quantified and compared to the other fractions. 

As demonstrated in figure 32, the total TAG levels in the LDF were the highest of all fractions 

(~540 pmol/µg protein), and with that significantly higher in the LDF compared to the WCL, 

the ERF and the MF. The concentration of total DAGs in the LDF was with 70 pmol/µg protein 

substantially lower compared to the TAG levels, indicating that the main neutral lipid species 

in LDs of hMDMs are TAGs. However, also the DAG levels were significantly increased in 

the LDF compared to the WCL, the ERF and MF, while no substantial difference was detected 

between the WCL and the ERF and MF (Fig. 32). The third class of neutral lipids detected in 

the LDF detected, CEs, showed the lowest concentration in the LDF with on average ~6 

pmol/µg protein. In line with TAGs and DAGs, also the total CEs levels were significantly 
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increased in the LDF compared to the WCL and MF. CEs were also substantially lower in the 

ERF compared to the LDF however, this did not reach statistical significance (p=0.057) (Fig. 

32). This indicates, that neutral lipids are significantly enriched in the LDF compared to the 

other fractions.  

 

  

 

Figure 32: Total abundance of the neutral lipids TAG, DAG and CE in the WCL, LDF, ERF and MF 

isolated from primary human macrophages. 

Human monocyte-derived macrophages were incubated for 7 days, lysed and subsequently, the MF, 

ERF and LDF were isolated from the WCL as described in section 3.2.8. The MF was pelleted from the 

WCL by centrifugation for 20 minutes at 10,200 x g. The supernatant was removed and centrifuged for 

3 hours at 25,000 x g to separate the ERF (pellet) and LDF, which were floating on top. Methanol was 

added to the fractions and total lipids were extracted according to the MTBE-method. Subsequently, 

mass spectrometry was used to quantify the total abundance (pmol/µg protein) of TAG, DAG and CE 

in the WCL, LDF, ERF and MF and normalized to the protein content as determined using a BCA-test. 

Statistical analysis was performed using one-way ANOVA followed by a Holm-Šídák’s test for multiple 

comparison. * = p≤0.05; ** = p≤0.01. 
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Cardiolipin (CL) and phosphatidylglycerol (PG) are two lipids synthesized in mitochondria and 

are described to be predominantly found in mitochondria162. Lipidomics analysis revealed that 

the CL showed the highest concentration in the MF, where it is significantly increased 

compared to the WCL (Fig. 33). Importantly, the lowest levels of total CL were found in the 

LDF, where it was only detected in 1 out of 6 donors, resulting in a significantly lower CL level 

in the LDF compared to the other three fractions. Similarly, the PG was strongly enriched in 

the MF compared to the WCL, the LDF and the ERF, reaching statistical significance when 

compared to the WCL and LDF (Fig. 33). These results suggest, that CL and PG are indeed 

accumulating in the MF in comparison to the LDF and ERF corresponding to previous 

results162. The observation that the LDF contains only little amounts of PG and CL, indicates 

that there is little contamination of the LDF by mitochondrial components. 

 

  

Figure 33: Total abundance of the mitochondrial lipids CL and PG in the WCL, LDF, ERF and MF 

isolated from primary human macrophages. 

Human monocyte-derived macrophages were incubated for 7 days, lysed and subsequently, the MF, 

ERF and LDF were isolated from the WCL as described in section 3.2.8. The MF was pelleted from the 

WCL by centrifugation for 20 minutes at 10,200 x g. The supernatant was removed and centrifuged for 

3 hours at 25,000 x g to separate the ERF (pellet) and LDF, which were floating on top. Methanol was 

added to the fractions and total lipids were extracted according to the MTBE-method. Subsequently, 

mass spectrometry was used to quantify the total abundance (pmol/µg protein) of CL and PG in the 

WCL, LDF, ERF and MF and normalized to the protein content as determined using a BCA-test. 

Statistical analysis was performed using one-way ANOVA followed by a Holm-Šídák’s test for multiple 

comparison. For comparison to the LDF ***= p≤0.001; For comparison to the WCL ### = p≤0.001. 
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Lipids belonging to the class of PCs were the most abundant membrane lipids in all fractions 

(Fig. 34). However, significant differences in the total PC levels were observed between 

fractions, as demonstrated by significantly lower PC levels in the LDF compared to the WCL, 

ERF and MF. Furthermore, on average total PC levels were ~85% higher in the ERF compared 

to the WCL (Fig. 34), indicating that the ERF is a membrane-rich fraction. Lastly, also 

cholesterol levels were significantly reduced in the LDF in comparison to the ERF and MF 

amounting to a reduction of ~50% and ~22%, respectively. Similar to PCs, also cholesterol was 

most prominently found in the ERF. No substantial difference was detected in the cholesterol 

levels between WCL and LDF (Fig. 34). This analysis of selected membrane lipids indicates 

that the membrane lipid composition varies between the WCL, ERF, the MF and the LDF. It 

indicates high membrane content in the ERF compared to the LDF, where these lipids were 

detected at a lower level compared to the other fractions. 

 

  

Figure 34: Total abundance of the neutral lipids TAG, DAG and CE in the WCL, LDF, ERF and MF 

isolated from primary human macrophages.  

Human monocyte-derived macrophages were incubated for 7 days, lysed and subsequently, the MF, 

ERF and LDF were isolated from the WCL as described in section 3.2.8. The MF was pelleted from the 

WCL by centrifugation for 20 minutes at 10,200 x g. The supernatant was removed and centrifuged for 

3 hours at 25,000 x g to separate the ERF (pellet) and LDF, which are floating on top. Methanol was 

added to the fractions and total lipids were extracted according to the MTBE-method. Subsequently, 

mass spectrometry was used to quantify the total abundance (pmol/µg protein) of TAG, DAG and CE 

in the WCL, LDF, ERF and MF and normalized to the protein content as determined using a BCA-test. 

Statistical analysis was performed using one-way ANOVA followed by a Holm-Šídák’s test for multiple 

comparison. For comparison to the LDF * = p≤0.05; ** = p≤0.01; ***= p≤0.001; For comparison to the 

WCL # = p≤0.05. 
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In summary, the analyses of the lipidome of the LDF, ERF and MF suggest that the lipid 

composition differs significantly between each subcellular fraction with neutral lipids, 

mitochondrial lipids and membrane lipids being enriched in the LDF, the MF and the ERF, 

respectively. Furthermore, it might further support the enrichment of LDs in the LDF as high 

levels of neutral lipids and low levels of mitochondrial and membrane lipids were detected in 

the LDF. 

 

4.3.2 Characterization of the lipid droplet-enriched fraction from uninfected and Mtb-

infection primary human macrophages  

4.3.2.1 Lipidomic analysis of neutral lipids in lipid droplets isolated from uninfected and 

Mtb-infected human macrophages 

The above-described results suggest that the bulk of neutral lipids is stored in LDs (Fig. 33)110. 

Since Mtb infection had no effect on neutral lipid levels on a whole-cell level in hMDMs in 

vitro, it was hypothesized that changes in the neutral lipid levels might be specific to LDs. To 

investigate this, the neutral lipid composition of the LDF in uninfected hMDMs and hMDMs-

infected with Mtb was analyzed. 

 

4.3.2.1.1 Triacylglycerols levels are increased in lipid droplets isolated from Mtb-infected 

macrophages 

As described above, TAGs are the major neutral lipid species detected in LDF isolated from 

hMDMs However, it is unclear how total TAG levels and individual TAG species in LDs are 

affected by Mtb infection.  

As demonstrated in figure 35A, total TAG levels in LDFs isolated from hMDMs vary strongly 

between all donors tested (n=6), reaching from a minimum of ~2 pmol/µg protein to up to 

~1460 pmol/µg protein in uninfected cells. Nevertheless, in 5 out of 6 donors, total TAG levels 

of LDFs isolated from Mtb-infected cells were increased by on average ~2.6-fold compared to 

uninfected control. Interestingly, the increase in TAG levels upon Mtb infection was strongest 

in donors 1 and 4, which showed the lowest total TAG levels in the uninfected LDF. However, 

in contrast to the other donors, donor 5 showed a decrease in total TAG levels upon Mtb 

infection compared to uninfected cells. When all six donors are taken together, total TAG levels 

in the LDF isolated hMDMs-infected with Mtb were induced by ~2.3-fold. However, this did 

not reach statistical significance yet (p=0.11).  
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A) 

B) 

 

 

Figure 35: TAG levels are substantially increased in Mtb-infected human macrophages. 

Human monocyte-derived macrophages infected with Mtb at an MOI of 0.1 or left untreated for 7 days, 

lysed and the LDF were isolated from the WCL as described in section 3.2.8. Methanol was added to 

the LDF and total lipids were extracted. Subsequently, mass spectrometry was used to quantify the total 

TAG levels (pmol/µg protein) (A) and the individual TAG species (B). Uninfected (black circles) and 

Mtb infected samples (colored triangle) of one donor a connected with a line. Statistical analysis was 

performed using a paired t-test followed by a multiple testing correction using the false discovery rate. 

 

Next, the effect of Mtb infection on individual TAG species in the LDF was analyzed. Similar 

to the total TAG levels, also the levels of individual TAG species vary strongly between donors. 

Mtb infection, on average, induced an increase in almost all TAG species compared to the 

uninfected control, however, this effect did not reach statistical significance due to donor 

variability. While donors 1-4 showed a consistent increase for almost all TAG species upon 

Mtb infection, several TAG species in donor 5 were substantially decreased upon Mtb infection 

compared to the uninfected control (Fig. 35B).  
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Collectively, these data indicate that Mtb infection resulted in an increase of TAG concentration 

in LDF isolated from human macrophages. However, this observation was not consistently 

observed in all 6 donors tested indicating that donors respond differently to Mtb infection. This 

variation in donors was further highlighted by a substantial difference in TAG levels in LDFs 

isolated from uninfected hMDMs, with donors having the lowest initial levels showing the 

strongest fold increase in total TAG levels upon infection. 

 

4.3.2.1.2 Distinct diacylglycerol species are increased in lipid droplets isolated from Mtb-

infected macrophages 

DAGs are important neutral lipids, which are not only acting as storage lipids but are also key 

second messengers involved in activation, proliferation, migration and effector functions of 

innate immune cells163. 

In the LDF from Mtb-infected and uninfected hMDMs, no significant difference was observed 

in the total DAG levels (Fig. 36A). While 4 donors showed a moderate increase of 1.2 to 2-fold 

in total DAGs upon Mtb infection, no increase was observed in donors 2 and 6. Similar to what 

was observed for TAGs, also the levels of total DAGs showed a strong variation between the 

LDFs from all 6 donors tested. 

Similarly, when analyzing the levels of individual DAG species, no significant differences in 

the were detected. However, for DAG 18:1_18:2, DAG 16:1_18:1 and DAG 16:0_18:2 a 

substantial increase was observed in the LDFs from Mtb-infected hMDMs compared to the 

uninfected control in all donors tested (p-value prior to multiple testing correction of ≤0.05) 

This might indicate, that only DAGs with specific acyl-CoA chain composition containing 

either a 16:1 or 18:2 fatty acid, are affected during Mtb infection. For the other DAG species 

detected in LDF, no uniform, Mtb-induced trend was observed in all donors tested (Fig. 36B). 

In summary, these lipidomic data indicate that the LDF isolated from Mtb-infected hMDMs 

showed an increased enrichment of distinct DAG species. Interestingly, all DAG species 

containing a palmitoleic acid or linoleic acid side chain were substantially increased upon Mtb 

infection, which might imply that the incorporation of specific fatty acids into DAGs is 

promoted during Mtb infection. 
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B) 

A) 

 

Figure 36: Several DAG species are significantly increased in Mtb-infected human macrophages. 

Human monocyte-derived macrophages infected with Mtb at an MOI of 0.1 or left untreated for 7 days, 

lysed and the LDF were isolated from the WCL as described in the section 3.2.8. Methanol was added 

to the LDF and total lipids were extracted. Subsequently, mass spectrometry was used to quantify the 

total DAG levels (pmol/µg protein) (A) and the individual DAG species (B). Uninfected (black circles) 

and Mtb infected samples (colored triangle) of one donor a connected with a line. Statistical analysis 

was performed using a paired t-test followed by a multiple testing correction using the false discovery 

rate.  
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4.3.2.1.3 Cholesterol esters are significantly increased upon Mtb infection in the lipid 

droplet-enriched fraction isolated from human macrophages 

Aside from TAGs and DAGs, the effect of Mtb infection on total CEs as well as individual CEs 

was determined using mass spectrometry. Figure 37A shows the total CE levels in the LDF 

from uninfected and Mtb-infected human macrophages. Similar to the TAGs and DAGs, the 

CE levels vary strongly between all 6 donors ranging from approximately 0.1 and 20 pmol/µg 

protein in LDF from uninfected cells. However, upon Mtb infection, a substantial increase of 

~3.6-fold was observed compared to the uninfected control. Similar to TAG levels, the Mtb-

induced increase in total CE levels was strongest in donor 1, which showed the lowest basal CE 

levels under uninfected control conditions. Importantly, while LDFs of five donors showed an 

increase upon Mtb infection, no substantial changes in total CE levels were detected in donor 

2.  

Investigating the CE levels of individual CE species in LDFs from uninfected and Mtb-infected 

hMDMs revealed a substantial increase in all CEs detected. On average the increase was 

strongest for CE20:4, where it amounted to a ~2.8-fold increase, while for the other three CE 

species it reached between ~1.5 and ~2.2-fold increase in Mtb-infected LDFs compared to the 

uninfected control. Interestingly, only CE species attached to acyl-CoA chains with a high chain 

length, i.e. > 20 carbon atoms, and a high degree of desaturation, i.e. > 3 double bonds were 

uniformly detected in the LDFs of hMDMs, indicating these CE species are more prominently 

incorporated and stored in LDs compared to other CE species (Fig. 37B). 

Collectively, these data indicate that Mtb infection results in a substantially increased 

accumulation of total CEs in the LDFs of human macrophages, affecting all CE species 

detected. This might imply that fatty acids are more strongly incorporated into CEs during Mtb 

infection, indicating that in human macrophages Mtb infection interferes with the metabolism 

of cholesterol, which has important structural and signaling functions in macrophages.  
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Figure 37: CE levels are significantly increased in Mtb-infected human macrophages. 

Human monocyte-derived macrophages infected with Mtb at an MOI of 0.1 or left untreated for 7 days, 

lysed and the LDF were isolated from the WCL as described in section 3.2.8. Methanol was added to 

the LDF and total lipids were extracted. Subsequently, mass spectrometry was used to quantify the total 

CE levels (pmol/µg protein) (A) and the individual CE species (B). Uninfected (black circles) and Mtb 

infected samples (colored triangle) of one donor a connected with a line. Statistical analysis was 

performed using a paired t-test followed by a multiple testing correction using the false discovery rate. 
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4.3.2.2 The size of isolated lipid droplets from human macrophages remains unchanged 

upon Mtb infection 

As described in the previous section, Mtb infection leads to an overall increase in total neutral 

lipids, particularly CEs, in the LDF. This might suggest, that the size of isolated LDs might be 

changed when human macrophages are infected with Mtb. To this end, the ratio of neutral lipids 

(i.e. TAGs, DAGs and CEs) to the most abundant membrane lipids, PCs, was calculated to 

obtain information about the volume-to-surface ratio of LDs in the LDF of uninfected and Mtb-

infected hMDMs.  

A strong variation in the neutral lipid/PC ratio was observed in uninfected hMDMs, ranging 

from approximately 0.06 – 5.9, indicating strong differences in LDs size between donors (Fig. 

38). Mtb infection has no uniform effect on the neutral lipid/PC in all donors tested, as shown 

by both increased and decreased neutral lipid/PC ratios in the LDF from Mtb-infected compared 

to uninfected hMDMs.  

 

 

Figure 38: The neutral lipid/PC ratio is unchanged upon 

Mtb infection. 

The LDF was isolated from human monocyte-derived 

macrophages left uninfected or infected with Mtb at an 

MOI of 0.1 for 7 days as described in section 3.2.8. 

Methanol containing 0.147% BHT was added to the 

LDF, total lipids were extracted, the neutral lipid and PC 

levels were quantified using mass spectrometry and the 

neutral lipid/PC ratio was calculated (n=6). 

 

As the neutral lipid/PC ratio is not a clear indicator for LD size, the light scattering behavior of 

particles was analyzed to determine particle diameter (in nm) of LDs in LDF using ZetaSizer 

analysis. As depicted in figure 39A, a strong inter-and intradonor variability was observed in 

the size distribution of particles in the LDF isolated from uninfected hMDMs. For example, in 

one donor (brown dots) the particle sizes range from ~200 nm to ~1200nm, indicating that LDs 

appear in a broad range of different sizes within one donor. Also, between the donors, the size 

distribution is shifted either to the left (pink dots) or the right (red dots), indicating a shift 

towards smaller or bigger sized LDs, respectively. Similarly, when determining the mean 

particle size (Fig. 39B) in the LDF from uninfected hMDMs a strong variation was detected in 
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the six donors tested as evident by a mean diameter (d: nm) ranging from ~280 – 700 nm. 

However, upon Mtb infection, no consistent trend was observed in all donors tested. While 

three donors showed an increase (dark blue, brown and pink donor), the three other donors 

showed a decrease (light blue, red and green donor) in the mean particle size in Mtb-infected 

hMDMs compared to uninfected cells. 

Collectively, these results indicate that LD size is highly variable between hMDMs from 

different donors. However, Mtb infection appears to have no consistent effect on the size of 

LDs isolated from hMDMs compared to the uninfected control.  

 

 

Figure 39: Size distribution and mean peak size of LDs isolated from human macrophages.  

The LDF was isolated from human monocyte-derived macrophages left uninfected or infected with Mtb 

at an MOI of 0.1 for 7 days as described in section 3.2.8. LDs were diluted 1:10 in PBS, fixed with 4% 

PFA for 24h and the diameter in nanometer (d: nm) was determined on a ZetaSizer (Malvern 

Pananalytical). A) Depicted is the size distribution from LDs isolated from uninfected hMDMs from 3 

donors. B) Depicted is the mean particle size from LDs isolated from uninfected and Mtb-infected 

hMDMs from 6 donors (n=6). 
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4.3.2.3 Mtb infection results in the enhanced presence of proteins involved in immune cells 

signaling in the lipid droplet-enriched fraction of primary human macrophages 

Lipid droplets are highly dynamic organelles and their function is critically determined by their 

protein composition110. As significant alterations in the lipidome of the LDF upon Mtb infection 

may also be indicative of changes in the proteome. Therefore, a mass spectrometry-based 

approach was used to determine proteins with a significantly increased presence in the LDF 

from Mtb-infected cells.  

Using proteomics, it was possible to quantify 2415 proteins in the LDF isolated from hMDMs. 

2292 and 1960 proteins were detected in the LDF of either all 5 donors or ≥4, respectively, 

suggesting all donors express a similar repertoire of proteins on LDs (Suppl. Fig. 6A). Among 

the quantified proteins, 65 proteins were significantly enriched in the LDF isolated from Mtb-

infected hMDMs compared to the uninfected control (Suppl. Fig. 6B and 7). Interestingly, it 

was observed that 35 of the enriched proteins belonged to the pathway “Immune System”, 

indicating that LDs are involved in the Mtb infection-induced immune response of hMDMs. 

Furthermore, 14 and 9 of significantly enriched proteins are also represented in the pathways 

“Interferon signaling” and “Interferon gamma signaling”, respectively. Among these proteins 

are for example STAT1 and the oligoadenylate synthetase 2 (OAS2), which have been 

described in the context of Mtb infection before164,165. Another pathway related to the immune 

response, which was significantly enriched in the LDF of Mtb-infected hMDMs was the 

pathway “Cytokine Signaling in Immune System”, which in addition to the proteins involved 

in interferon signaling, comprised 6 more significantly upregulated proteins, such as the 

proteasome 20S subunit beta 9 and 10 (PSMB9 and 10) (fig 40). This might indicate that 

proteins involved in immune cell signaling are increasingly localized to LDs of Mtb infected 

hMDMs. 

Also, a total of 7 proteins involved in “Antigen processing – cross-presentation” was found to 

be significantly enriched in the LDF of Mtb-infected hMDMs (Fig. 40). This suggests that upon 

Mtb infection, LDs might be involved in the processing and presentation of antigens thereby 

promoting the interaction between macrophages and T cells.  

Collectively, these data indicate that Mtb infection enhances the presence of proteins involved 

in immune cell activation and signaling in the LDF of hMDMs as determined using reactome-

based analysis. This might suggest that LDs act as hubs for immune cell signaling and thereby 

critically influence the immune response of human macrophages during Mtb infection.  
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Figure 40: Top 5 pathways with significantly enriched 

proteins in the LDF of Mtb-infected human 

macrophages. 

Human monocyte-derived macrophages infected with 

Mtb at an MOI of 0.1 or left untreated for 7 days, lysed 

and the LDF were isolated from the WCL as described 

in section 3.2.8. Samples were digested and a liquid 

chromatography-based approach was performed to 

determine relative protein levels sing label-free 

proteomics. Differentially enriched proteins (p<0.05) 

with an increased presence in Mtb-infected compared to 

uninfected hMDMs were determined and used for a 

reactome-based analysis using the online tool g: profiler. 

Depicted are the top 5 pathways comprising 

significantly enriched proteins in the LDF isolated from 

Mtb-infected hMDMs. 
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4.3.2.4 Mtb infection results in the decreased presence of proteins linked to RNA biology 

and cytoskeletal remodeling in the lipid droplet-enriched fraction of primary human 

macrophages 

The results of this study indicate, that proteins belonging to pathways linked to immune cell 

function are significantly enriched in LDs during Mtb infection. To further investigate the 

function of LDs, significantly downregulated pathways were determined by comparing proteins 

with significantly reduced presence in the LDF of Mtb-infected hMDMs to the reactome-

database as described before.  

In total, 88 proteins were detected with decreased presence in the LDF isolated from Mtb-

infected hMDMs compared to the uninfected control (Suppl. Fig. 6B and 7). Analyzing if there 

is an enrichment of these proteins in certain pathways revealed that “Infectious disease” is 

among the top 5 pathways, indicating that proteins involved in processes typical for bacterial 

and viral infections are less abundant in the LDF of Mtb-infected hMDMs (Fig. 41). 

Furthermore, in the LDF of Mtb-infected hMDMs, proteins related to the “Metabolism of 

RNA” were found to be significantly less present, indicating that Mtb infection interferes with 

the function of LDs in mRNA biology and processing. Among the proteins unique for the 

pathway “Metabolism of RNA” were for example the RNA helicase eucaryotic initiation factor 

4a (EIF4A), members of the heterogeneous nuclear ribonucleoproteins (HNRNPs), such as 

HNRNPH1 and 2, or the decapping scavenger enzyme DCPS. This indicates that LDs might be 

involved in RNA processing in hMDMs and this process is interfered during Mtb infection. 

In addition to these pathways, proteins related to the pathway “Recycling pathway of L1” were 

significantly less present, which included mostly subunits of the cytoskeletal tubulin beta chain 

(TUBB) or the dihydropyrimidinase-related protein 2 (DPYSL2), which is involved in 

cytoskeletal remodeling166. “Neutrophil Degranulation” and “Microtubule-dependent 

trafficking of connexons from Golgi to plasma membrane” were two more pathways, in which 

cytoskeletal proteins like TUBB proteins, the drebrin-like protein (DBNL) or rho GTPase-

activating protein 45 (AHRGAP45) are represented, indicating that transport of LDs along the 

cytoskeleton might be altered during Mtb infection. However, also other proteins such as the 

glutathione S-transferase GSTP1, the vesicular trafficking molecules Ras-related protein Rab-

4B and Rab-5B (RAB4B and RAB5B) or a catalytical subunit of the phosphatidylinositol 3-

kinase, PIK3C3, were found to be significantly less abundant, further indicating additional 

functions of LDs beyond the storage of fatty acids during Mtb infection. 
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In summary, these data indicate that Mtb infection significantly reduced the abundance of 

several proteins in the LDF of hMDMs. Particularly proteins involved in the remodeling of the 

cytoskeleton or RNA metabolism were found less abundantly in the LDF upon Mtb infection. 

However, this further highlights that LDs are not only mere storage of lipids but are involved 

in several other processes in Mtb-infected hMDMs  

 

 

Figure 41: Top 5 pathways comprising proteins with 

decreased presence in the LDF of Mtb-infected human 

macrophages. 

Human monocyte-derived macrophages infected with Mtb 

at an MOI of 0.1 or left untreated for 7 days, lysed and the 

LDF were isolated from the WCL as described in section 

3.2.8. Samples were digested and a liquid 

chromatography-based approach was performed to 

determine relative protein levels using label-free 

proteomics. Differentially regulated proteins (p<0.05) with 

decreased presence in Mtb-infected compared to 

uninfected hMDMs were determined and used for a 

reactome-based analysis using the online tool g: profiler. 

Depicted are the top 5 pathways comprising proteins with 

significantly reduced abundance in the LDF isolated from 

Mtb-infected hMDMs. Microtubule-dependent trafficking 

of connexons = Microtubule-dependent trafficking of 

connexons from Golgi to the plasma membrane 
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5. Discussion 

5.1.1 Studying Mtb-induced metabolic alterations in macrophages: choosing the right 

model 

Energy metabolism of immune cells has become a major research interest due to new findings 

showing that metabolic reprogramming is a critical step in regulating the functions of immune 

cells. Particularly in macrophages, metabolic reprogramming appears to be critical for the 

activation of pro-inflammatory M1 macrophages or anti-inflammatory M2 macrophages, which 

are characterized by increased glycolysis or OXPHOS, respectively. As an intracellular 

bacterium, Mtb primarily survives and replicates in macrophages32 and it is therefore not 

surprising that the energy metabolism of macrophages undergoes changes during Mtb infection.  

Although metabolic alterations in macrophages are a critical step during Mtb infection, little is 

known about it, particularly in primary human macrophages. Several studies have already 

investigated metabolic alterations upon Mtb infection in vivo and in vitro in the murine 

system113,114. However, murine macrophages show significant differences in their metabolic 

response with regard to induction of OXPHOS and glycolysis compared to human 

macrophages, as has been recently demonstrated by Vijayan et al. 168. The difference between 

the human and murine host is also reflected in vivo, as hallmark pathologies of human TB 

granulomas are not observed in the standard mouse models, such C57BL/6 and BALB/c 

mice169. While other mouse models, such as the C3HeB/FeJ mouse develop human-like TB 

pathologies in vivo, metabolic alterations are not studied well in these models170.  

To study Mtb infection in human macrophages in vitro, research often resorts to human 

monocyte/macrophage like cell lines, such as the THP-1 cell line171,172 or the recently described 

BLaER1 cell line117, which both show similarities to hMDMs in the context of an Mtb 

infection173. Nevertheless, differences in polarization and the inflammatory and metabolic 

phenotype compared to primary human macrophages represent some of the downsides of using 

these cells174–176. This was reflected by a reciprocal glycolytic response in THP-1 cells 

compared to hMDMs in response to Mtb or Mycobacterium bovis Bacillus Calmette-Guerin 

(BCG) infection115. Therefore, human primary macrophages, such as macrophages 

differentiated from peripheral blood monocytes used in this doctoral study, may be a better 

reflection of Mtb-induced metabolic alterations in the human system. Nevertheless, there are 

several pitfalls when working with hMDMs. The isolation technique and the purity of isolated 

monocytes have been found to significantly impact the phenotype of hMDMs 177. In addition 

to that, variations in the macrophage polarization towards either an M1 or M2 phenotype can 
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significantly affect the metabolic state of hMDMs114,178,179. However, the major obstacle when 

working with primary human cells such as hMDMs is the high degree of donor heterogeneity, 

which in healthy donors can be caused by differences in sex, age, but also the diet and eating 

behavior of donors180–183. In this doctoral study, high variation between donors was observed 

particularly when analyzing the proteome and lipidome of hMDMs. For example, relative 

protein expression of ACSL1 (Fig. 23) in uninfected hMDMs ranged from a ~1*106 up to a 

7.8*106 LFQ intensity between the 5 donors tested. Similarly, absolute abundance of neutral 

lipids in uninfected hMDMs ranged from ~7 to 170 pmol/µg protein between the six donors 

tested (Suppl. fig. 4). This suggests, that hMDMs demonstrate a high degree of donor variation, 

which bears difficulties when determining statistically significant effects of an Mtb infection 

on macrophage metabolism. To increase the statistical significance of small datasets from 

primary cells, complex mathematical models have been used to fit datasets and reduce between-

donor and within-donor data variations184. However, given that personalized medicine becomes 

increasingly important also for the treatment of TB, reducing donor variance might also result 

in loss of information about host determinants influencing Mtb infection167,185. Therefore, 

increasing the sample size might be an alternative option to increase statistical power. However, 

cost, time and feasibility are often determinants of choosing small samples sizes. Nonetheless, 

even a small sample size can have scientific merit without meeting the conventional definition 

of statistical significance, especially when using samples with high variations as has been done 

in this doctoral thesis 186,187.  

In summary, this doctoral study uses primary human macrophages to study macrophage 

metabolism during infection with live, virulent Mtb in vitro. This bears the chance to deepen 

our understanding of the human TB pathogenesis and might aid to develop new, personalized 

treatment approaches against TB. 

 

5.1.2 Mtb infection induces glycolytic metabolism in primary human macrophages at day 

7 of infection 

Previous studies analyzing the effect of Mtb infection on metabolism in hMDMs were 

exclusively performed at early time points of infection (~24h post infection)115,184. However, 

analysis of the Mtb growth kinetic in hMDMs revealed that at 24h post infection, Mtb bacterial 

loads are not increasing, but rather decreasing. This suggests, that metabolic programming at 

this time point might promote macrophage function and bacterial killing, as has been suggested 

before42,43. In contrast, at day 7 post infection, Mtb is actively replicating in hMDMs as reflected 

by high bacterial numbers compared to 24h post infection (Fig. 9). This may suggest that Mtb 
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induces a differential metabolic response in macrophages at day 7 post infection, which 

promotes Mtb replication. To get an idea about which pathways are regulated at day 7 post 

infection in hMDMs proteomics was performed in a set of 5 different donors. This showed that 

immune cell signaling processes undergo the strongest regulation upon Mtb infection in 

hMDMs (Fig. 10). However, it is important to consider that the magnitude of changes in the 

inflammatory response is substantially bigger compared to metabolic processes, which only 

undergo small changes in hMDMs upon infection2,43. Based on this observation, the high donor 

variations and the small sample size (n=5), the p-value threshold for differentially regulated 

proteins was raised to a p≤0.1 and the reactome-based analysis was repeated. This revealed that 

indeed more than 100 proteins related to metabolism are substantially differently regulated 

during an Mtb infection (Fig. 11), suggesting that Mtb infection alters the metabolism of 

hMDMs at day 7 post infection.  

To validate this finding, extracellular flux analysis was performed to analyze macrophage 

metabolism during Mtb infection in real-time. This revealed a significant, dose-dependent 

increase in ECAR values, suggesting that Mtb infection induces glycolysis in hMDMs (Fig. 

13). In agreement with that, the expression of several glycolytic proteins, such as the glucose 

transporters GLUT3 and GLUT6 was significantly increased in Mtb-infected macrophages 

(Fig. 14)57. Furthermore, two kinases catalyzing the phosphorylation of D-glucose, ADPGK 

and HK2, were also substantially upregulated, further corroborating that Mtb infection induces 

the uptake and metabolization of glucose through glycolysis. Increases in glycolytic capacity 

and reserve (Fig. 14) suggest that Mtb-infected hMDMs have a higher metabolic plasticity 

compared to uninfected cells. This has been reported to help maintain intracellular levels of 

ATP during conditions of high energy demands188, which suggests that Mtb-infected human 

macrophages are faced with increasing energy demands. In agreement with that, the glycolytic 

ATP production rate was found to be significantly upregulated upon Mtb infection (Fig. 15). 

Collectively, these data strongly indicate that Mtb infection induces glycolysis and glycolytic 

ATP production in hMDMs at day 7 post infection. Interestingly, this is in stark contrast to the 

metabolism of hMDMs at 24h post Mtb infection, where a decrease in glycolytic metabolism 

was observed115. This might indicate, that indeed the metabolic response of hMDMs is different 

at day 7 compared to early time points of Mtb infection. However, further investigations are 

needed to understand the consequences of changes in glycolysis during Mtb infection. Previous 

studies in vitro and in vivo suggest that boosting glycolysis is critical for the macrophage host 

defence, promoting the production of pro-inflammatory cytokines and increasing Mtb 

killing42,114. Based on this, it can be speculated that induction of glycolysis at day 7 post 

infection might be a host-driven process to induce inflammation and limit bacterial growth114.  
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5.1.3 Mtb infection alters mitochondrial and respiratory metabolism in primary human 

macrophages at late time points of infection 

OXPHOS is another major metabolic pathway to produce energy66. Interestingly, similar to 

glycolytic metabolism, Mtb infection of hMDMs was found to also result in a significant 

induction of basal respiration rates (Fig. 17). In parallel, increased expression of several 

mitochondrial proteins was observed in Mtb-infected hMDMs (Fig. 19), suggesting that Mtb 

infection induces mitochondrial metabolism in human macrophages. Respiration has previously 

been shown to be regulated by STAT3, which is an important transcription factor of 

mitochondrial genes. Interestingly, STAT3 was also among the significantly upregulated 

proteins during Mtb infection of hMDMs (Fig. 19)145. This might suggest, that mitochondrial 

metabolism in Mtb-infected hMDMs is driven in a STAT3-dependent manner. It would 

therefore be interesting to analyze if mitochondrial metabolism is impaired upon inhibition of 

STAT3 and how this affects infection of macrophages with Mtb. Importantly, aside from 

STAT3, other important regulators of respiration, e.g. SURF1 and PLAUR, were also 

significantly upregulated in Mtb-infected hMDMs, which further substantiates that Mtb 

infection results in increased respiration in hMDMs144,189,190. 

Aside from basal respiration, significant Mtb-induced increases were also detected in the 

maximal respiration (Fig. 17), which could be due to increasing energy demands in hMDMs in 

response to an Mtb-infection191. In line with this, ATP-linked respiration was found to be 

upregulated in hMDMs upon Mtb infection, which indicates that increased respiration is 

coupled to increased ATP production. Supporting that notion, mitochondrial ATP production 

rates were significantly increased in hMDMs infected with Mtb (Fig. 15). Interestingly, 

hMDMs appear to produce the bulk of energy in mitochondria, as evident by substantially 

higher mitoATP production rates compared to glycoATP production rates. Upon Mtb infection, 

the shift towards mitochondrial ATP production was even further increased, underlining a 

strong dependency of Mtb-infected hMDMs on OXPHOS for energy production (Fig. 15). 

Energy production in mitochondria is dependent on the mitochondrial membrane potential Δ𝜳, 

which drives the translocation of protons through the ATP synthase69. Unsurprisingly, a 

significant increase in the signal intensity of Rho123 was observed in Mtb-infected, indicating 

an increase in the Δ𝜳 upon Mtb infection (Fig. 18)192.  

Collectively, results from this doctoral study demonstrate that Mtb infection induces respiratory 

metabolism and ATP production in hMDMs at day 7 post infection. Interestingly, the opposite 

was detected at 24h post Mtb infection of hMDMs115. Based on this, it can be speculated that 
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hMDMs indeed undergo differential metabolic reprogramming at day 7, when Mtb is 

replicating, compared to early time points of infection. However, further investigations are 

needed to link macrophage metabolism to Mtb replication in hMDMs. 

Observing that Mtb infection induces mitochondrial respiration and energy production raises 

the question of the need for these metabolic changes. This can be explained by the upregulation 

of several, ATP consuming pathways during Mtb infection, such as the production of cytokines 

like type-1-IFNs, antigen processing, phagocytosis and phagosomal/endosomal trafficking 

(Fig. 11)193–196. Upregulation of OXPHOS could therefore provide the energy to execute these 

processes during Mtb infection. In line with this, proteomics revealed that several ATPases, e.g. 

ATP11A, ATP2A2 and ATP13A3, as well as the ATP-dependent (S)- NAD(P)H-hydrate 

dehydratase CARKD were found to be significantly upregulated in Mtb-infected cells (Suppl. 

fig. 1). Based on this finding, increased respiration and ATP production could be considered a 

host-driven process to battle Mtb infection. However, it is important to also consider the 

negative effects of increased mitochondrial metabolism. Maintaining a high Δ𝜳 also requires 

maintaining an energetically expensive electrical field across the inner mitochondrial 

membrane. As the ETC is a major producer of ROS, high respiratory rates and a high Δ𝜳 can 

also give rise to increased levels of oxidative stress69,197. In line with this, we observed a 

significant, dose-dependent increase in non-mitochondrial respiration (Fig. 17), which has been 

described as indicative of ROS generation198. Furthermore, a significant upregulation of the 

mitochondrial ROS detoxifier SOD2 upon Mtb infection (Fig. 19) suggests that the anti-

oxidative response is induced in Mtb-infected cells. In macrophages, ROS act as a double-edged 

sword, as production is a fundamental antimicrobial defense mechanism, but excess production 

can lead to oxidative damage199. In Mtb-infected macrophages inhibition of ROS production by 

blocking the NADPH phagocyte oxidase (Phox) was associated with decreased bacterial killing 

and an increased bacterial burden200,201. In contrast, increased levels of ROS were also 

demonstrated to promote cell death in Mtb-infected macrophages resulting in an increased Mtb 

burden at later time points of infection in vivo202. This indicates that at early time points ROS 

might be required for bacterial killing 115,200, but as the infection persists, the continuous high 

levels of ROS might exceed antioxidant capacities of macrophages and cause cell death. 

Therefore, it would be interesting to see if reducing ROS levels at late time points of Mtb 

infection, without inhibiting the early antibacterial ROS response, would inhibit cell death and 

restrict Mtb growth in primary human macrophages.  
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It is noteworthy that the significant increase in non-mitochondrial respiration observed in this 

doctoral thesis could also be indicative an increased activity of other non-respiratory, 

inflammation-associated enzymes such oxidases and oxygenase198, which has been described 

before in the context of TB infection201,203–205. In the present study, proteomics analysis revealed 

a significant upregulation of ACOX1 and 3 (Fig. 22) as well as L-amino acid oxidase IL4I1 

(Suppl. fig. 1) in Mtb-infected hMDMs, which could be the cause of increased non-

mitochondrial respiration in these cells. Therefore, a more direct measurement for ROS is 

needed to further investigate the Mtb-induced increase in ROS levels in hMDMs and its 

functional consequences. 

Collectively, the results presented in this study show that Mtb infection induces energy 

metabolism in hMDMs at day 7 post infection. As targeting macrophage metabolism has 

previously been demonstrated a target for host-directed therapies against TB, the results from 

this study could have interesting therapeutic implications2,117. Moreover, in light of a previous 

study showing the opposite effect of Mtb infection during early infection, the results from the 

present study indicate that the late metabolic response of hMDMs to Mtb infection differs from 

the early metabolic response115. This should also be taken into account when testing 

pharmaceutical intervention strategies for TB therapy in vitro.  

 

5.1.4 Mitochondria undergo structural changes in response to Mtb infection of human 

macrophages 

Changes to mitochondrial respiration and bioenergetics have previously been linked to 

structural and morphological changes in mitochondria73,206. This suggests that in Mtb-infected 

hMDMs the increased mitochondrial activity may be accompanied by morphological changes 

in mitochondria. Indeed, it was observed that in Mtb-infected hMDMs proteins localized to or 

functioning in mitochondria show significantly upregulated expression rates, which may 

indicate that the mitochondria undergo substantial changes upon Mtb infection (Suppl. fig. 2 

and Fig. 19). This was further substantiated by a significant, dose-dependent reduction in 

mtDNA levels in Mtb-infected hMDMs (Fig. 20). Importantly, alterations in mtDNA content 

have previously been shown to influence mitochondrial mass and morphology as well as 

mitochondrial biogenesis146,207. Moreover, mtDNA is also an endogenous trigger for the 

inflammatory response in macrophages208. In line with this, the release of mtDNA in murine 

macrophages was described to contribute to the production of type-1-IFNs in a ROS-dependent 

process209. Given the detrimental role of type-1-IFN production during Mtb infection, 
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mitochondrial damage leading to mtDNA release could also link metabolism to the 

inflammatory response during Mtb infection. Interestingly, although mitochondrial DNA 

content decreases in Mtb-infected cells, proteins involved in mitochondrial transcription and 

translation, such as mitochondrial transcription factor STAT3, PNPT1 and TYMP were found 

to be significantly increased in Mtb-infected hMDMs (Fig. 19). As these factors are involved 

in the translation of the OXPHOS complexes, upregulation of these proteins might explain why 

the mitochondrial activity is increased although mtDNA content decreases in Mtb-infected 

cells143,145,210.  

With regard to mitochondrial morphology, a significant upregulation of MTFP1, a protein 

involved in the fission of mitochondria, and SPG7, which is a protease involved in 

mitochondrial biogenesis, was observed in Mt-infected hMDMs compared to uninfected cells 

(Fig. 19). Increased expression of either MTFP1 or SPG7 has been associated with increased 

mitochondrial fragmentation and reduced mitochondrial mass, but also increased oxidative 

stress and ROS production in other cell types before142,211,212. Based on this, upregulation of 

MTFP1 and SPG7 in Mtb-infected hMDMs might indicate that infection results in increased 

mitochondrial fragmentation. Interestingly, in macrophages as well as other cell types, 

induction of mitochondrial fragmentation is an important step during necrotic cell death, which 

is a process long known to be induced by infection with virulent Mtb promoting bacterial 

replication and dissemination213–215. In line with that, for the neurodegenerative disease 

Parkinson, persistently high mitochondrial activity was postulated to cause mitochondrial 

dysfunction, which is followed by increased mitochondrial fragmentation and subsequent cell 

death216,217. Therefore, it is intriguing to speculate that persistently high mitochondrial activity 

results in mitochondrial damage, mitochondrial fragmentation and ultimately cell death of Mtb-

infected hMDMs. Interestingly, two recent studies showed that mitochondrial fusion and fission 

occur in THP-1 and murine macrophages, respectively, in response to infection with virulent 

Mtb218,219. These contradicting observations highlight the need for detailed microscopic 

visualization of mitochondrial morphology and its role in Mtb-infected hMDMs. 

In summary, changes in mitochondrial metabolism are accompanied by substantial structural 

alterations of mitochondria in Mtb-infected hMDMs. However, further studies are needed to 

visualize mitochondrial morphology in detail and to understand the role thereof during Mtb 

infection in primary human macrophages.  
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5.1.5 Mtb infection of primary human macrophages results in increased fatty acid 

degradation 

It is well known from previous studies in cancer cells that mitochondrial structure and oxidative 

capacities are altered depending on which substrate, e.g. glucose, fatty acids or glutamine, is 

used for energy production220. Thus, the significant changes in mitochondrial and respiratory 

metabolism in Mtb-infected hMDMs might suggest that there is a change in substrate utilization 

upon Mtb infection. Indeed, the dependency of hMDMs on fatty acids was significantly 

increased upon Mtb infection, while the dependency on glucose decreased (Fig. 21). This 

indicates that upon Mtb infection, human macrophages preferentially use the oxidation of fatty 

acids to fuel mitochondrial respiration. In line with this observation, reactome-based analysis 

of the proteome of Mtb-infected hMDMs revealed “Fatty acid degradation” to be among the 

significantly enriched pathways (Suppl. fig. 3). With regard to that, ALDH2, which is involved 

in the oxidation of fatty acid-derived aldehydes, was found to be significantly upregulated (Fig. 

22)149. Interestingly, in metabolic diseases such as hepatic steatosis or atherosclerosis, ALDH2 

activity was described to ameliorate disease by counteracting the effects of lipid 

accumulation221,222. In parallel, activation of ALDH2 resulted in upregulation of FAO, 

suggesting that ALDH2 might also be involved in the degradation of fatty acids in Mtb-infected 

hMDMs223. Further supporting an increased upregulation of FAO upon Mtb infection, several 

other proteins such as CRAT, ACADSB and ETFA were substantially upregulated in Mtb-

infected hMDMs (Fig. 22). These proteins were described to be associated with reduced 

accumulation of fatty acids, increased FAO and an increase in mitochondrial ATP production 

by coupling FAO to respiration150–152,224,225.  

Aside from mitochondria, peroxisomes are major organelles involved in the degradation of fatty 

acids. Interestingly, the expression of the enzymes ACOX1 and 3, which catalyze the first step 

in peroxisomal FAO, was significantly upregulated in Mtb-infected hMDMs (Fig. 22)96. This 

strongly suggests that peroxisomal metabolism and biogenesis are induced during Mtb 

infection. It is important to note that peroxisomes are mostly involved in the shortening of long-

chain acyl-CoAs96. Therefore, it is intriguing to hypothesize that during Mtb infection, 

peroxisomes degrade long-chain acyl-CoA into shorter fragments, which are then transported 

to mitochondria. These short-chain fatty acids are then further degraded by ACADSB, which 

has a preference for short/branched fatty acids151. However, this speculation requires further 

substantiation using for example microscopic visualization of the trafficking of labeled fatty 

acids in Mtb-infected hMDMs. Importantly, fatty acid degradation in both, mitochondria and 

peroxisomes, requires the esterification of fatty acids to form acyl-CoAs prior to the transport 
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into these organelles. This esterification is mediated by ACSL proteins, which reversibly 

convert FFA to acyl-CoAs226. Given the importance of this step for FAO, it is unsurprising to 

see increased protein expression in ACSL1, 3, 4 and 5 in Mtb-infected hMDMs (Fig. 23). This 

suggests, that upon Mtb infection, the induced synthesis of acyl-CoAs from FFA mediated by 

ACSL leads to induction of fatty acid degradation. In line with this, previous studies could show 

that increased expression of ACSL1, 3 and 4 is associated with an induction in FAO in several 

cell types227–229. Furthermore, overexpression of ACSL5 in skeletal muscle cells was described 

to increase FAO, basal and maximal respiration as well as mitochondrial ROS production230. 

Based on these observations, increased formation of acyl-CoAs by upregulation of ACSLs 

could increase the availability of fatty acids for peroxisomal or mitochondrial FAO in Mtb-

infected hMDMs.  

Taken together, the data presented in this thesis support a model where Mtb infection induces 

ACSL expression resulting in increased acyl-CoA formation. These acyl-CoAs are transported 

to mitochondria or peroxisomes for degradation and subsequent respiration in Mtb-infected 

primary human macrophages. However, further analyses are required to understand the 

consequences of increased FAO on macrophage function and on Mtb survival in hMDMs. It is 

noteworthy, that FAO, aside from its role in energy production, is also involved in regulating 

inflammation. In line with that, type-1-IFN stimulation was described to induce FAO and 

OXPHOS. Then, in a feedback loop, this increase in FAO and OXPHOS results in the 

production of even more type-1-IFNs231. As type-1-IFN signaling is prominently induced in 

Mtb-infected hMDMs (Fig. 11), it can be hypothesized that increased FAO and type-1-IFNs 

are tightly linked during Mtb infection. In line with this, previous observations from Mtb-

infected mice showed that alveolar macrophages, which are committed to FAO, promote 

bacterial growth in vivo. Furthermore, inhibition of FAO using the pharmacological inhibitor 

etomoxir results in Mtb growth restriction, as well as reduced type-1-IFN production in 

vitro114,116.  

In summary, this doctoral project revealed several critical proteins of peroxisomal and 

mitochondrial degradation of fatty are upregulated in Mtb-infected hMDMs at day 7 post 

infection. Furthermore, extracellular flux analyses demonstrated an increased dependency on 

fatty acid in Mtb-infected cells indicating that Mtb infection induces FAO in hMDMs. This 

Mtb-induced effect on FAO may indicate that hMDMs undergo substantial lipid metabolic 

reprogramming during Mtb infection. Therefore, pharmacological inhibition of FAO might 

represent a promising adjunctive therapeutic intervention for TB treatment.  
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5.1.6 Primary human macrophages infected with Mtb show decreased levels of free 

fatty acids 

Mtb-induced reprogramming of macrophage lipid metabolism towards FAO might give rise to 

substantial changes in the fatty acid and lipid composition of hMDMs. Particularly, changes in 

intracellular FFA levels are expected, given the Mtb-induced upregulation of ACSL proteins, 

which catalyze the metabolization of FFA226. In agreement with this hypothesis, a substantial, 

dose-dependent decrease in total FFA was detected in Mtb-infected cells as determined (Fig. 

24). This further supports the notion of increased ACSL activity in Mtb-infected hMDMs 

leading to increased conversion of FFA to acyl-CoAs. While several FFA species showed an 

overall decrease upon Mtb infection, the effect was most prominent for oleic acid (C18:1), 

palmitic acid (C16:0) and myristic acid (C14:0) (Fig. 25). This indicates that only certain fatty 

acid species are increasingly esterified in Mtb-infected hMDMs, which could be explained by 

the different substrate preferences described for the five ACSL isoforms232,233. Furthermore, a 

substantial decrease in palmitic, myristic and oleic acid and not the other FFA could also imply 

preferential oxidation of saturated C14-18 fatty acids over others species upon Mtb infection. 

This hypothesis is in line with previous findings, which showed that differential oxidation of 

distinct fatty acid species alters the composition of intracellular neutral lipids or FFA pools234. 

Based on this observation, it can be speculated that especially shorter chain, saturated or 

monounsaturated fatty acids are being esterified and oxidized in Mtb-infected hMDMs. 

However, further studies are required to link ACSL activity to alterations in FFA composition. 

Importantly, also the intracellular levels of acyl-CoAs should be analyzed to determine if there 

is a concomitant increase of acyl-CoAs when FFA levels are decreasing upon Mtb infection.  

To date, only a few studies have investigated the implications of changes in intracellular FFA 

composition on cell function. Most of these studies analyzed the effect of exogenous 

supplementation of FFA on cell function. Regarding that, enrichment of palmitic or myristic 

acid was found to reduce phagocytic capacities of macrophages, but also increase production 

of pro-inflammatory cytokines such as TNF-α or IL-1β235,236. Therefore, reduction in free 

myristic and palmitic acid upon Mtb infection could also affect TNFα production or 

phagocytosis of Mtb-infected hMDMs. Interestingly, in the context of Hepatitis-C virus 

infection, accumulation of FFA was associated with a decrease in type-1-IFN response and viral 

clearance by blocking the activation of STAT1 and 2237. Based on this, a reduction in 

intracellular FFA levels in hMDMs could also be linked to the type-1-IFN response, which was 

significantly upregulated upon Mtb infection. However, further investigations are needed to 

understand the link between type-1-IFNs and FFA in hMDMs upon Mtb infection. 
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Nonetheless, when discussing the fatty acid levels in hMDMs upon Mtb infection, it is also 

important to consider that Mtb uses host-derived fatty acids as a carbon source. In line with 

this, several studies in murine and human models demonstrated the utilization of host lipids by 

intracellular Mtb, which expresses transporters mediating the import of host fatty acid117,238–240. 

Therefore, a reduction in palmitic, myristic and oleic acid upon Mtb infection could also be the 

result of increased uptake and utilization of these fatty acids by Mtb. In line with this, 

Brandenburg et al could show that host-derived oleic acid is indeed incorporated into 

intracellular Mtb117. This further suggests that a reduction of FFA could be caused by increased 

uptake of FFA by Mtb. However, further analysis, using for example microscopic visualization 

of the fatty acid uptake by macrophages and intracellular Mtb, is needed to characterize this. In 

addition, usage of mutant Mtb strains, which are deficient in fatty acid importers, could provide 

further insides into the uptake of host-derived FFA by Mtb.  

Collectively, this doctoral study could show for the first time that Mtb infection affects 

intracellular FFA levels in macrophages. This Mtb-induced reduction of FFAs in hMDMs could 

be due to increased esterification by ACSL and result in increased FAO. However, the 

consequence of reduced FFA levels upon Mtb infection in hMDMs remains to be investigated.  

 

5.1.7 Increased neutral lipid levels caused by supplementation with exogenous fatty acids 

affect Mtb growth in primary human macrophages 

As described above, increased activity of ACSL could promote FAO in primary human 

macrophages infected with Mtb. However, it was described before that ACSL not only fuels 

FAO, but also neutral lipid synthesis (Fig. 4)227–230. Given the role of lipid accumulation and 

foam cell formation during Mtb infection, this prompted the analysis of neutral lipid 

accumulation in Mtb-infected hMDMs22. Surprisingly, no substantial change was observed, 

neither in TAG levels nor in total neutral lipid levels in hMDMs upon Mtb infection as 

determined using mass spectrometric and flow cytometric analyses (Fig. 26 and Suppl. Fig. 4). 

This suggests that total neutral lipid levels remain unchanged in primary human macrophages 

in response to Mtb infection. One explanation for this can be the parallel increase in both, 

synthesis and degradation of lipids, resulting in a net stabilization of neutral lipid levels, as has 

been proposed before241. This might indicate that primary human macrophages undergo an 

overall lipid metabolic reprogramming upon Mtb infection. However, further analyses tracing 

fluorochrome-labeled fatty acid probes in hMDMs could help to visualize fatty acid trafficking 

within hMDMs upon Mtb infection. 
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As Mtb infection alone did not induce accumulation of neutral lipids, Mtb-infected hMDMs 

were incubated with exogenous fatty acids to induce lipid accumulation, as has been described 

before99. Interestingly, in hMDMs infected with Mtb, only supplementation with oleic acid, but 

not palmitic acid, resulted in a significant enrichment of neutral lipids (Fig. 27). This suggests 

that in hMDMs oleic acid is more readily incorporated into TAGs compared to palmitic acid, 

as has been demonstrated before99. This could be due to structural differences in the saturation 

between oleic and palmitic acid. Indeed, it has been shown that the macrophage response is 

reciprocally modulated by saturated and unsaturated fatty acids, resulting also in alteration of 

the inflammatory response235,242,243. This suggests that the saturation state of fatty acids could 

also influence the lipid metabolic response of Mtb-infected macrophages. Moreover, palmitic 

or oleic acid treatment also results in differences regarding macrophage cell death. It is well 

appreciated that palmitic acid induces cell death in several cell types including macrophages, 

while unsaturated fatty acids protect against this palmitic acid-induced lipotoxicity244,245. In line 

with this, this doctoral study demonstrated that exogenously supplemented palmitic acid, but 

not oleic acid, induces cell death in uninfected hMDMs (Fig. 28) as determined by measuring 

DRAQ7 fluorescence. However, when hMDMs are additionally infected with Mtb, cell death 

was also significantly induced in oleic acid-treated cells. This suggests, that Mtb infection might 

increase the susceptibility of hMDMs to oleic acid-induced lipotoxicity and that an Mtb 

infection in a lipid-rich environment might promote TB pathogenesis by inducing cell death.  

Since the accumulation of neutral lipids in foamy macrophages and macrophage cell death are 

both critical steps in the TB pathogenesis, the effect of exogenous fatty acid supplementation 

on Mtb growth was analyzed22,117,246. Interestingly, it was found that both, palmitic and oleic 

acid treatment, significantly induced Mtb growth in primary human macrophages (Fig. 29). As 

palmitic acid did not induce accumulation of neutral lipids, this might suggest lipotoxicity rather 

than the accumulation of neutral lipids is driving Mtb growth in a lipid-rich environment. In 

agreement with this, it has been described that TAG synthesis protects against lipotoxicity99. It 

can therefore be speculated that the initial accumulation of neutral lipids might be a protective 

mechanism during Mtb infection. However, when lipid levels exceed the fatty acid storage 

capacity of macrophages, toxic accumulation of fatty acids results in cell death in Mtb-infected 

macrophages. Cell death then leads to the release of more host lipids, which further contributes 

the lipid-rich environment promoting Mtb growth247. However, further analyses, using for 

example inhibition of TAG synthesis, are needed to investigate this in more detail. 

Nevertheless, supplementation of hMDMs with exogenous fatty acids in vitro might 

recapitulate the lipid-rich environment found in the granuloma and might therefore be an 
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interesting approach to further investigate the role of lipids during Mtb infection in 

macrophages.  

5.2 Successful isolation of a high-purity lipid droplet fraction from primary human 

macrophages 

Lipidomics revealed that in primary human macrophages, neutral lipids account for up to 15% 

of all lipids in the cell, suggesting that hMDMs provide a nutrient-rich environment for 

intracellular survival of Mtb (Fig. 31)114,117. Surprisingly, Mtb infection alone did not further 

increase neutral lipid levels in hMDMs on a whole-cell level (Fig. 26 and Suppl. fig. 4). 

However, as the synthesis and intracellular traffic of neutral lipids is a coordinated process 

involving several subcellular compartments, it was hypothesized that there is a subcellular 

change in neutral lipids upon Mtb infection248,249. As LDs are the main storage organelles for 

lipids, this doctoral study also focused on a detailed characterization of LDs in Mtb-infected 

hMDMs. 

To this end, LDs were isolated from hMDMs and the purity of the LD-containing fraction was 

analyzed based on the protein and lipid content. The enhanced presence of the LD-coating 

protein PLIN3 in the LDF suggests that indeed there is an enrichment of LDs in this fraction 

(Fig. 30)160. Also, a high abundance of the cytoskeletal protein α-TUB was detected in the LDF, 

which was also observed in the WCL (Fig. 30). However, this is not surprising as LD motility 

is mediated by microtubules. Therefore, cytoskeletal elements have long been considered part 

of the LD proteome rather than being a contamination from the isolation process250. Enrichment 

of LDs in the LDF was further substantiated by lipidomic characterization demonstrating an 

increased abundance of TAGs, DAGs and CEs in the LDF compared to the WCL (Fig. 31 and 

32). In contrast to the WCL, a significant decrease of membrane lipid PC was detected in LDF, 

suggesting a high neutral lipid to membrane lipid ratio in the LDF, as is expected upon 

enrichment of LDs (Fig 31, 32 and 34). Taken together, these data show that there is an 

increased enrichment of LDs in the LDF isolated from hMDMs. Concomitantly, low abundance 

of MnSOD and CAL, which are mitochondrial and ER proteins, respectively, as well as low 

abundance of mitochondrial lipids in the LDF compared to other fractions (Fig. 30, 31 and 33) 

suggest that there is little contamination from other organelles in the LDF. 

Collectively, this suggests a strong enrichment of LDs with little contamination from other 

organelles in the LDF. Therefore, this doctoral describes a successful method to isolate LDs 

from primary human macrophages, which was then used to analyze the effect of Mtb infection 

on the lipid and protein composition of LDs.  
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5.2.1 Lipidomic analysis revealed substantial alterations in neutral lipid composition of 

LDs from human macrophages upon Mtb infection 

5.2.1.1 Mtb infection induces an enrichment of total di- and triacylglycerols in LDs of human 

macrophages 

Lipidomics revealed that TAGs are the most prominent neutral lipid in LDs from hMDMs 

accounting for more than 80% of total neutral lipids. In contrast, DAGs only account for 4.5% 

of neutral lipids, suggesting that in human macrophages fatty acids are primarily stored in 

TAGs. Interestingly, upon Mtb infection, total TAG levels were found to be substantially 

increased in LDs by 2.3-fold compared to the uninfected control (Fig 35). Similarly, also the 

levels of individual TAG species showed an overall enrichment in LDs upon Mtb infection. 

This suggests that the increase in total TAG levels is driven by an overall increase of all TAG 

species rather than in TAG species with distinct biochemical features. In contrast to TAGs, Mtb 

infection did not affect total DAG levels in LDs of hMDMs (Fig. 36). Interestingly, however, 

substantial changes were observed in the levels of individual DAG species upon Mtb-infected 

hMDMs. This was demonstrated by an increase in DAG 18:1_18:2, DAG 16:1_18:1 and DAG 

16:0_18:2 upon Mtb infection in all donors tested (Fig. 36). This suggests that there is a 

preferential enrichment of DAGs containing either palmitoleic acid (C16:1) or linoleic acid 

(C18:2) in LDs of Mtb-infected hMDMs. However, due to donor variability and the small 

sample size, the Mtb-induced changes in TAG and DAG levels did not reach statistical 

significance.  

Nevertheless, these results suggest that there is an enrichment of TAGs and DAGs in LDs upon 

Mtb infection. As neutral levels were unchanged in Mtb-infected hMDMs on a whole-cell level, 

these results indicate that there is a subcellular enrichment of TAGs and DAGs in LDs upon 

Mtb infection. This could be due to alterations in several lipid metabolic pathways, such as 

increased trafficking of neutral lipids to LDs. Moreover, reduced hydrolysis or increased on-

site synthesis of TAGs and DAGs could give rise to the enrichment of neutral lipids in LDs 

upon Mtb infection. Interestingly, it was proposed before that enzymes involved in the synthesis 

of neutral lipids, such as DGAT and the acyl-coenzyme A:monoacylglycerol acyltransferase 

(MGAT) show substrate preferences for specific fatty acids91,251,252. Enrichment of distinct 

neutral lipid species could therefore be explained by the preferential incorporation of distinct 

fatty acids in Mtb-infected hMDMs. Other proteins linked to alterations in cellular lipid 

composition are FABPs, which are involved in the intracellular transport of fatty acids. 

Deficiency of FABP3, which was also significantly downregulated in Mtb-infected hMDMs 

compared to uninfected cells (Suppl. fig. 1), was found to result in a toxic accumulation of 
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neutral lipids. Importantly, FABP3 deficiency resulted in a particularly strong increase of C18:2 

containing DAGs253. Based on these observations it can be speculated that downregulation of 

FABP3 in Mtb-infected hMDMs might promote the accumulation of neutral lipids in LDs. 

However, further analysis is required to understand which mechanism leads to the enrichment 

of TAGs and DAGs in LDs upon Mtb infection. To this end, 13C-labelled or fluorescently fatty 

acids could be used to analyze the intracellular trafficking and synthesis of TAGs and DAGs in 

LDs of Mtb-infected hMDMs. 

Independent of the mechanisms leading to enrichment of TAGs and DAGs, also the 

consequences of lipid enrichment in LDs need to be discussed. Peyron et al postulated that Mtb-

containing phagosomes localized in close proximity to LDs and that Mtb subsequently 

translocate into LDs in order to gain access to host cell lipids118. This is further supported by 

observations that Mtb strains lacking the mycobacterial secreted hydrolase 1 (Msh1), which 

cleaves host cell lipids, show impaired growth in foamy macrophages254. Therefore, enrichment 

of TAGs and DAGs in LDs could further enhance the nutrient availability and promote the 

growth of Mtb, which localizes to LDs. Interestingly, lipidomics revealed that the Mtb-induced 

increase in TAGs was strongest in donors with low basal levels in TAGs in uninfected hMDMs. 

This suggests that depending on neutral lipid levels, the metabolic response of hMDMs differs 

upon Mtb infection. Indeed, it has been suggested before that certain donor characteristics may 

influence the metabolic response and growth of Mtb in hMDMs255. Moreover, this is in line 

with a study by Brandenburg et al, which indicated that Mtb growth and access to host lipids 

might be linked to a high threshold level of TAGs in hMDMs117. Therefore, it would be 

interesting to see if high TAG and DAG enrichment in LDs is also accompanied by higher 

replication rates of Mtb in hMDMs. Furthermore, a better understanding of metabolic host 

characteristics, which promote Mtb growth, might also have important implications for the 

development and clinical use of host directed-therapy approaches against TB.  

 

5.2.1.2 Mtb infection induces an enrichment of CEs in LDs of human macrophages 

Apart from TAGs and DAGs, CEs were the third class of neutral lipids detected in the LDs of 

primary human macrophages. As CEs represent only 1.2% of total neutral lipids in LDs, this 

indicates that CEs do not substantially contribute to the storage of fatty acids in neutral lipids 

in LDs (Fig. 31 and 37). Interestingly, particularly long-chain (20 carbons) polyunsaturated (3 

to 6 double bonds) fatty acids were incorporated in CEs (Fig. 37) suggesting that CEs could act 

as stores for fatty acids such as arachidonic acid (20:4) or docosahexaenoic acid (C22:6). 

Analyzing the effect of Mtb infection on CEs composition in LDs, revealed a significant 
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enrichment of total CE levels and individual CEs species in LDs of Mtb-infected hMDMs (Fig. 

37). In line with this, mycolic acid, which is a mycobacterial lipid virulence factor, was 

previously described to induce CEs accumulation in murine macrophages thereby promoting 

BCG growth256. This might suggest that the accumulation of CEs in LDs might also facilitate 

Mtb growth in primary human macrophages. In contrast to this hypothesis, cholesteryl 

arachidonate (CE20:4) was found to have antibacterial properties, suggesting that the 

accumulation of this lipid in LDs, as was observed in this doctoral study, could also be a host 

driven process to limit Mtb growth257. In line with this, the production of eicosanoids, which 

derive from arachidonic acid (20:4) and docosahexaenoic acid (C22:6)258–260, was demonstrated 

to be a host-protective process during Mtb infection in macrophages261. Taken together, this 

might suggest that CEs may have a dual role during Mtb infection, on one side providing 

nutrients for Mtb growth and on the other side mediating a host protective immune response of 

hMDMs against Mtb262,263. Therefore, further analyses are needed to understand the 

consequences of CE enrichment in LDs during Mtb infection.  

Taken together, the lipidomics results presented in this doctoral study, show a substantial 

change in neutral lipid composition of LDs during Mtb infection. This was reflected by an 

enrichment of total TAGs, CEs as well as distinct DAG species in LDs from Mtb-infected 

hMDMs. However, it is unclear if this subcellular increase of neutral lipids in LDs is due to 

alterations in synthesis and degradation on LDs or altered transport of these lipids to LDs. This 

could be answered by microscopy- or mass spectrometry-based tracing of labeled fatty acids in 

Mtb-infected hMDMs. In addition to that, the functional consequences of an increased 

enrichment of these neutral lipids in Mtb-infected hMDMs remain to be investigated.  

 

5.2.1.3 LD size in human macrophages remains unchanged upon Mtb infection  

As described above, lipidomics analysis revealed an increase in neutral lipid levels in LDs of 

Mtb-infected hMDMs. This might suggest that LDs also undergo structural changes and 

increase in size upon Mtb infection. To determine the diameter of LDs isolated from hMDMs, 

ZetaSizer analysis was performed. Interestingly, LDs of hMDMs show a very high degree of 

inter- and intra-donor variability in size and can range from less than 200nm to more 1500nm 

(Fig. 39). This is indicative of a high degree of diversity of LDs in hMDMs. As size is one 

determinant of LD functionality, this observation might also indicate that functionally different 

LD subsets are found in macrophages264. With regard to Mtb infection, no consistent alterations 

in LD size were detected upon infection in the six donors tested. In agreement with this, no 

uniform change in the neutral lipid/PC ratio was detected, suggesting that there are no 
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alterations in the volume to surface ratio of LDs upon Mtb infection. (Fig. 38). Collectively, 

this indicates that LDs do not change in size upon Mtb infection. However, considering the 

spherical structure of LDs, the ~2-fold increase in TAGs upon Mtb infection (Fig. 35) was not 

expected to induce a substantial increase in LD diameter. Given that the ZetaSizer also operates 

with a rather high standard deviation, analysis via the ZetaSizer might not be sensitive enough 

to detect small changes in LDs size.  

Taken together, enrichment of neutral lipids was not accompanied by changes in LD size in 

hMDMs upon Mtb infection. However, further high-resolution microscopic approaches should 

be considered to investigate the size of LDs intracellularly. Furthermore, given the high 

diversity of LDs, microscopy could also elucidate potential changes in LD subpopulations in 

Mtb-infected hMDMs. 

 

5.2.2 Mtb infection induces significant alterations in the proteome of LDs from human 

macrophages  

An enrichment of neutral lipid species in LDs from Mtb-infected hMDMs might be indicative 

of functional and structural changes of LDs during infection. Thus, to better understand what 

those functional changes of LDs could be and how this might affect Mtb infection of primary 

human macrophages, analysis of the LD proteome was performed.  

 

5.2.2.1 LDs of Mtb-infected human macrophages at as immune cell signaling hubs 

Given the role of LDs in several cellular processes, substantial alterations in the protein 

composition of LDs during Mtb infection were expected101,111. Indeed, substantial alterations 

in the abundance of proteins involved in several cellular pathways were detected (Fig. 40 and 

41, Suppl. fig. 6 and 7). Most strikingly, an increased enrichment of proteins involved in 

immune cell function and immune cell signaling was found in the LD proteome in response to 

an Mtb infection (Fig. 40 and Suppl. fig. 7). This suggests that LDs may be involved in 

regulating the inflammatory responses, particularly the type-1-IFN response, during Mtb 

infection. Given the significant enrichment of STAT1 and STAT2, it appears that already early 

type-1-IFN-related signal transduction is localized to LDs of Mtb-infected cells. Aside from 

STAT1 and STAT2, also significantly increased expression of type-1-IFN-inducible effectors 

such as the interferon-induced GTP-binding protein Mx1 (MX1), the interferon-induced protein 

with tetratricopeptide repeats 1 (IFIT1), OAS2 and guanylate binding protein (GBP) 1 and 2 

was observed in LDs from Mtb-infected hMDMs (Fig. 40)265. Interestingly, significantly 
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increased expression of STAT2, MX1, IFIT1, OAS2 and GBP1 and 2 was only found in LDs, 

but not in whole cells during Mtb infection (Suppl. fig. 1 and 7). Based on this, it can be 

speculated that LDs are a major organelle regulating type-1-IFN response in Mtb-infected 

hMDMs, which has been postulated before101. To substantiate this finding, fluorescence 

microscopy could be used to validate the localization of the described factors at LDs in Mtb-

infected hMDMs. Other immune cell modulatory roles of LDs upon Mtb infection were found 

in the function of macrophages as antigen-presenting cells. Enrichment of proteins such as 

Tapasin (TAPBP) or the PSMB9 in LDs upon Mtb infection, suggests a potential involvement 

of LDs in antigen processing and presentation through class 1 upon Mtb infection (Fig. 

40)266,267. Interestingly, while in DCs a role of LDs in antigen cross-presentation has been 

suggested before, to date no study has analyzed the function of LDs in this process in 

macrophages yet268. 

In summary, the results demonstrate that mediators of type-1-IFN response and antigen 

presentation are significantly enriched in LDs upon Mtb infection. This suggests that LDs are 

involved in regulating the immune response of human macrophages during Mtb infection.  

 

5.2.2.2 Proteomics revealed alterations in proteins involved in LD motility and RNA 

metabolism in LDs of Mtb-infected human macrophages 

Surprisingly, further proteomic analysis also revealed that particularly proteins involved in the 

metabolism of RNA are significantly less abundant on LDs upon Mtb infection (Fig. 41). 

Although little is known about RNA metabolism with regard to LDs, an association of 

ribosomes and ribosomal proteins with LDs and the presence of RNAs within LDs was 

demonstrated before in LDs from mast cells and THP-1 cells269,270 corroborating the role of 

LDs in RNA metabolism. Thus, the data presented in this doctoral study may indicate that LDs 

have a functional role in RNA metabolism in hMDMs and that this functional role is impaired 

during Mtb infection. Interestingly, trafficking of RNAs to subcellular organelles has been 

described before in order to maintain local homeostasis271. Therefore, it can be speculated that 

the reduced presence of ribosomal and RNA-processing proteins on LDs upon Mtb infection 

may affect the local protein synthesis on LDs. Furthermore, LDs have also been shown to 

closely associate with and even localize within the nucleus272. In line with this, a reduced 

presence of proteins from the nuclear ribonucleoprotein complex, for example, HNRNPH1 and 

2, was found in LDs upon Mtb infection, which may suggest an altered LD-nucleus interaction 
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upon Mtb infection (Fig. 41). However, further analyses are required to understand the role and 

function of LDs in RNA metabolism in hMDMs, particularly during Mtb infection.  

Aside from RNA metabolism, significant alterations were also detected in the abundance of 

cytoskeletal proteins in LDs upon Mtb infection. The abundance of tubulin beta subunits 

(TUBBs) was significantly decreased in LDs from Mtb-infected hMDMs (Fig. 41). Given the 

role of tubulins in LD transport and interaction with other organelles, a decrease in TUBB 

presence on LDs upon infection can have substantial effects on intracellular LD motility and 

dynamics273. Importantly, it is noteworthy that other cytoskeletal transport proteins belonging 

to the myosin and dynein complex (MYL6 and DYNC1LI1) were significantly more abundant 

on LDs upon Mtb infection (Suppl. fig. 7). This is another indicator that LD motility is altered 

upon Mtb infection. Interestingly, several mitochondrial proteins, for example, SOD2 or the 

cytochrome c oxidase subunit 4 isoform 1 (COX4I1), were found to be significantly enriched 

in LDs from Mtb-infected hMDMs. This suggests that upon Mtb infection, the altered motility 

of LDs could result in an increased interaction with mitochondria, which has been proposed to 

affect mitochondrial metabolism before274,275. Based on these findings it is intriguing to 

speculate that metabolic alterations in fatty acid metabolism are rather regulated through altered 

subcellular LD localization and interaction with other organelles rather than changes in protein 

expression levels. However, high-resolution microscopy-based analyses are required to further 

investigate a potential LD-mitochondria contact and changes to LD dynamics upon Mtb 

infection.  

Collectively, proteomics analysis identified an altered abundance of proteins involved in RNA 

metabolism suggesting an alternative function of LDs in RNA processing during Mtb infection. 

Furthermore, alterations of proteins linked to transport and contact with other organelles 

suggest that upon Mtb infection LD motility and subcellular localization is significantly altered 

in hMDMs.  
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5.3 Concluding remarks 

The findings in this study provide a detailed characterization of the effects of an Mtb infection 

on the metabolism of primary human macrophages using a broad spectrum of analytical 

approaches. The results demonstrate that Mtb infection of hMDMs results in the induction of 

respiration driven by an increased oxidation of free fatty acids, which may promote oxidative 

stress and inflammatory responses, such as the production of type-1-IFNs. This suggests that 

inhibition of fatty acid oxidation and respiration might be an interesting target for host-directed 

therapy against TB, as has been postulated before.  

Moreover, this study describes a protocol for the successful isolation of LDs from primary 

human macrophages. Detailed lipidomic characterization of LDs demonstrated that there is a 

subcellular enrichment of neutral lipids in LDs of Mtb infected hMDMs, which could enhance 

the availability of host-derived nutrients for Mtb survival in macrophages. Furthermore, 

alterations in the protein composition of LDs indicate that LDs not only act as mere stores for 

neutral lipids but may also be involved in mediating the immune response of hMDMs during 

Mtb infection.  

Taken together this doctoral study broadens our understanding of the role of LDs during Mtb 

infection in primary human macrophages. This study shows that hMDMs undergo significant 

global reprogramming of glycolytic, respiratory as well as lipid metabolism in response to an 

infection with Mtb. This might have important implications for the development of host-

directed therapy approaches targeting macrophage metabolism and personalized treatment of 

TB.  
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Supplementary figures 

# Gene name log2FC 

(Mtb/UI) 

# Gene name log2FC 

(Mtb/UI) 

# Gene name log2FC 

(Mtb/UI) 

1 BTN3A3 3 45 RPL4 -0.78 89 SURF1 0.84 

2 ALAS1 0.4 46 TMPO 0.4 90 MRPL14 0.82 

3 MRPL13 0.88 47 GNPDA1 -0.47 91 NLRX1 -0.4 

4 STAT1 2.15 48 NPEPPS -0.27 92 GIMAP1 0.35 

5 PPP1R9B 0.37 49 RPL31 -0.3 93 MYH2 -0.27 

6 ACOX3 0.7 50 PPIA -0.56 94 RBM25 0.32 

7 HLA-DPB1 0.2 51 TAP1 0.98 95 FCN1 1.32 

8 PSMB5 -0.45 52 BST2 0.5 96 TAP2 0.37 

9 PLSCR1 0.63 53 EFTUD2 0.18 97 LAMTOR1 0.73 

10 OAS1 0.45 54 Sep 07 -0.47 98 IL4I1 0.51 

11 ICAM1 0.77 55 PARP14 1.01 99 ISCU 0.79 

12 HLA-DPA1 1.31 56 RAB42 0.07 100 ACSL5 0.81 

13 MATR3 0.2 57 PLGRKT 0.32 101 MTHFD2 0.87 

14 PARP9 0.93 58 FARSB -0.41 102 SDC2 0.82 

15 NDRG2 -0.51 59 NCF1 1.1 103 RPS9 -0.49 

16 CEBPB 0.94 60 TMEM33 -0.72 104 MECP2 0.42 

17 NPTN 0.64 61 NDUFAF7 0.36 105 ATP13A3 0.81 

18 SLC2A3 0.82 62 RAB24 0.5 106 TXNRD2 0.55 

19 ITGB5 -0.43 63 MTFP1 0.61 107 HLA-

DRB1 

1.56 

20 MARCKS 0.62 64 NRP1 0.34 108 SLC30A6 0.13 

21 UNC13D 0.31 65 SPCS2 0.59 109 HINT2 0.3 

22 CD163 -0.63 66 HTATSF1 0.95 110 SEC22B 0.36 

23 ABI1 0.34 67 PAPSS2 0.28 111 LMNA 0.2 

24 CPSF7 0.2 68 HLA-B 0.67 112 AGFG1 0.61 

25 VPS4A 0.1 69 SOD2 1.5 113 VARS2 0.29 

26 HLA-H 1.35 70 FAH -0.46 114 ALG2 0.35 

27 SNRNP200 0.28 71 ITGA3 -0.23 115 SCPEP1 0.59 

28 ATP2A2 0.6 72 HLA-F 1.01 116 ZW10 0.35 

29 ARPC4 -0.31 73 MRPS36 0.53 117 COPB2 0.56 

30 LGALS3BP 1.88 74 CUL3 0 118 STAT3 0.6 

31 PNPT1 0.48 75 CYFIP1 -0.48 119 CLPB 0.46 

32 SLC2A6 1.09 76 CD274 1.59 120 ACOX1 0.7 

33 ALDH2 0.83 77 THRAP3 0.39 121 SPG7 0.77 

34 ARL6IP1 -0.95 78 PLBD1 0.25 122 MYO1C 0.5 

35 LEPRE1 0.08 79 PRPF4B 0.39 123 FTH1 0.31 

36 TMED10 0.52 80 CARKD 0.5 124 GAPDH -0.38 

37 ATP11A 0.55 81 SDF2L1 0.49 125 HSPD1 0.38 

38 TXNIP 0.35 82 EMC3 0.33 126 EIF5A -0.51 

39 TMEM165 0.41 83 DNAJB11 0.33 127 HNRNPR 0.3 

40 HLA-DRB5 0.74 84 ACSL4 0.37 128 PTPN1 0.89 

41 UAP1L1 -0.66 85 FABP3 -0.66 129 TYMP 0.56 

42 GPAA1 0.41 86 LAP3 0.9 130 NOMO3 0.4 
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43 PDCD6 -0.5 87 PRDX6 -0.37    

44 HLA-DRA 1.7 88 PLAUR 0.43 
   

 

Supplementary figure 1: List of significantly regulated proteins in Mtb-infected hMDMs 

compared to uninfected cells. 

Human monocyte-derived macrophages were infected with Mtb at an MOI of 0.1 or left untreated for 7 

days. Subsequently, cells were lysed, digested and liquid chromatography-based approach was 

performed to determine relative protein levels using label-free proteomics. A paired t-test followed by 

a Benjamini & Hochberg correction was used to determine significantly regulated proteins between 

Mtb-infected hMDMs compared to uninfected hMDMs (p<0.05). Depicted is the list of significantly 

regulated proteins including the log2FC of the mean LFQ intensities in Mtb-infected versus uninfected 

hMDMs (n=5). For the gene names please refer to the UniProt knowledgebase276. Proteins of particular 

interest were also described in the text.  
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Supplementary Fig. 2: Differentially regulated proteins in Mtb-infected hMDMs are found in 

cellular components associated with mitochondria. 

Human monocyte-derived macrophages were infected with Mtb at an MOI of 0.1 or left untreated for 7 

days. Subsequently, cells were lysed, digested and liquid chromatography-based approach was 

performed to determine relative protein levels using label-free proteomics. A paired t-test was used to 

determine differentially regulated proteins between Mtb-infected hMDMs compared to uninfected 

hMDMs (p<0.05). Depicted is the fold-change of selected upregulated proteins (p < 0.05), which related 

to mitochondria, in Mtb-infected hMDMs compared uninfected cells (n=5). 

 

 

 

 

 

Supplementary figure 3: Fatty acid degradation is altered upon Mtb infection of human 

macrophages.  

Human monocyte-derived macrophages were infected with Mtb at an MOI of 0.1 or left untreated for 7 

days. Subsequently, cells were lysed, digested and liquid chromatography-based approach was 

performed to determine relative protein levels using label-free proteomics. A paired t-test was used to 

determine differentially regulated proteins between Mtb-infected hMDMs compared to uninfected 

hMDMs (p<0.05). Pathway enrichment analysis was performed and differentially regulated proteins 

were compared to the KEGG database using the online tool g:profiler. Depicted are the top 10 

significantly enriched pathways (p < 0.05) in Mtb-infected hMDMs.  
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Supplementary figure 4: Total neutral lipid levels are unchanged upon Mtb infection of 

hMDMs.  

Human monocyte-derived macrophages infected with Mtb at an MOI of 0.1 and 0.5 or left untreated for 

7 days, subsequently lysed in methanol and total lipids were extracted according to the MTBE-method. 

Subsequently, mass spectrometry was used to quantify the total abundance (pmol/µg protein) of TAG, 

DAG and CE. Depicted are total neutral lipid levels, i.e. the sum of TAG, DAG and CE (n=6).  

 

 

 

Supplementary figure 5: Western Blot analysis of the fractionation. 

Human monocyte-derived macrophages were incubated for 7 days, lysed and subsequently, the MF, 

ERF and LDF were isolated from the WCL. SDS lysis buffer was added to each fraction and SDS-PAGE 

followed by a Western Blot analysis was performed. Antibodies against MnSOD, CAL, α-TUB and 

PLIN3 were used to measure the protein expression using a chemiluminescence detection approach on 

the Chemidoc Imaging System. Depicted is a representative image of the MnSOD, CAL, α-TUB and 

PLIN3 protein bands in the WCL, MF, ERF and LDF (n=1). 

U
I

M
O
I0
.1

0

10

20

30

40

50
50

150

250
p
m

o
l 
/

μ
g
 p

ro
te

in



Supplementary figures 

115 

name # of 

proteins 

Total 

quantifiable 

proteins 

2415 

≥4 uninfected 

donors 

2292 

5 uninfected 

donors 

1960 

log2FC <0 

Mtb/UI 

88 

log2FC >0 

Mtb/UI 

65 

  

Supplementary figure 6: Number of quantifiable proteins in the LDF from primary human 

macrophages. 

Human monocyte-derived macrophages were infected with Mtb at an MOI of 0.1 or left untreated (UI) 

for 7 days and cells were lysed and the LDF were isolated from the WCL as described in section 3.2.8. 

Subsequently, samples were digested and liquid chromatography-based approach was performed to 

determine relative protein levels using label-free proteomics. A paired t-test followed by a Benjamini-

Hochberg correction was used to determine differentially regulated proteins in the LDF between Mtb-

infected hMDMs compared to uninfected hMDMs (p<0.05). A) Depicted is the total number of 

quantifiable proteins in the number of proteins detected in all 5 or ≥4 donors in the LDF isolated from 

uninfected hMDMs. B) Furthermore, a paired t-test followed by a Benjamini-Hochberg correction was 

used to determine differentially regulated proteins in the LDF between Mtb-infected hMDMs compared 

to uninfected hMDMs (p<0.05). Depicted is the total number of significantly regulated proteins, with a 

log2FC <0 (reduced presence) or >0 (enhanced presence) in Mtb compared to UI (Mtb/UI) cells (n=5). 
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# Gene name log2FC 

(Mtb/UI) 

# Gene name log2FC 

(Mtb/UI) 

# Gene name log2FC 

(Mtb/UI) 

1 LYZ 0.94 52 USP47 -0.21 103 LMNB2 0.78 

2 PSMB9 0.48 53 PSMB10 0.73 104 PDS5A 0.22 

3 STAT3 0.91 54 SOD2 1.74 105 ERP44 0.33 

4 RPA1 0.53 55 GM2A 0.36 106 GSTP1 -0.28 

5 LAP3 0.54 56 PDIA6 0.51 107 PPP5C -0.54 

6 RCN1 0.74 57 CNPY3 0.77 108 FN1 0.85 

7 CLASP2 -0.36 58 SYNCRIP -0.18 109 SCPEP1 0.53 

8 MIA2 0.87 59 PARP1 -0.12 110 BTF3 -0.13 

9 HLA-DRB5 1.43 60 GCHFR -0.52 111 PPP2R1A -0.38 

10 CPNE2 -0.11 61 RAB5B -0.27 112 HNRNPUL2 -0.31 

11 AK4 0.46 62 HNRNPK -0.40 113 ANP32B -0.17 

12 INPPL1 -0.37 63 TUBB4B -0.44 114 VSIG4 -0.35 

13 PRPSAP2 -0.50 64 HP1BP3 -1.14 115 PPM1G -0.12 

14 HNRNPM -0.59 65 CCNY -1.14 116 IFIT1 0.97 

15 FCSK -0.20 66 MYG1 -0.48 117 SUMO2 0.77 

16 ARHGAP18 -0.26 67 GBP1 2.00 118 SLC35B2 0.41 

17 GDAP2 -0.02 68 STAT1 2.12 119 CORO1C -0.16 

18 SEPTIN9 -0.41 69 PPP6R2 -0.08 120 HNRNPH2 -0.47 

19 RAB5A -0.44 70 S100A6 0.20 121 CAPG -0.46 

20 CALU 0.40 71 PCNA 0.75 122 TGOLN2 1.20 

21 CALU 0.40 72 MRC1 0.59 123 CYTH1 0.50 

22 TTC37 -0.79 73 TUBB -0.45 124 THOC2 0.28 

23 RPS24 -0.51 74 SH3GLB1 -0.22 125 m 0.26 

24 TAPBP 0.95 75 PGK1 -0.58 126 OSBP -0.01 

25 NAPA 0.23 76 PSMB5 -0.30 127 CUL3 -0.47 

26 BTK 0.22 77 EIF4A1 -0.38 128 PIK3C3 -0.44 

27 BROX -0.56 78 FKBP15 -0.30 129 DCPS -0.56 

28 GATD1 -0.14 79 NCF1 0.95 130 OSBPL11 -0.70 

29 PPP1R2B -0.42 80 MX1 2.96 131 UBXN6 -0.47 

30 MAP7D1 -0.36 81 HSPE1 0.54 132 GLA 0.49 

31 HNRNPH1 -0.26 82 DNAJC3 0.44 133 ACLY -0.34 

32 UQCRC2 0.97 83 PDCD10 0.24 134 ILF2 -0.25 

33 PPP2R5D 0.12 84 CTNND1 -0.47 135 KPNB1 -0.27 

34 CDIPT -0.06 85 PIK3R1 -0.11 136 ARMT1 -0.26 

35 TUBB2A -0.17 86 MTREX -0.08 137 ATOX1 0.65 

36 ENOSF1 -0.65 87 C20orf27 -0.60 138 HLA-DPA1 1.01 

37 NADK 0.53 88 RABGEF1 -0.09 139 RAPGEF1 -0.36 

38 HLA-DRA 1.23 89 DBNL -0.55 140 TUBB3 -0.46 

39 HLA-DRB1 1.11 90 PLAUR 0.55 141 ICAM1 0.59 

40 PRKCSH 0.83 91 MAP2K4 -0.36 142 TPR 0.53 

41 TYMP 0.91 92 DPYSL2 -0.21 143 COX4I1 0.40 

42 TAP1 0.77 93 VPS36 -0.02 144 OAS2 2.09 

43 TOR1AIP2 0.47 94 ARHGAP45 -0.04 145 GBP2 0.51 

44 TRNT1 0.16 95 SNX18 -0.09 146 ACOX1 0.46 

45 MGST3 -0.12 96 SORT1 -0.05 147 ALDH1B1 -0.38 
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46 UMPS -0.42 97 SLC12A9 -1.02 148 RPS18 -0.24 

47 IMPDH1 -0.12 98 HDHD2 -0.55 149 FGD4 -0.31 

48 AHCY -0.23 99 USP24 -0.11 150 RTCA -0.36 

49 NPEPPS -0.42 100 ACADVL 0.48 151 CCT6A 0.10 

50 RAB4B -0.62 101 STAT2 1.29 152 SNX17 -0.18 

51 RPL23 -0.31 102 MYL6 0.42 153 PML 0.38 

 

Supplementary figure 7: List of significantly regulated proteins in the LDF isolated from Mtb-

infected hMDMs compared to uninfected cells. 

Human monocyte-derived macrophages were infected with Mtb at an MOI of 0.1 or left untreated (UI) 

for 7 days and cells were lysed and the LDF were isolated from the WCL as described in the methods. 

Subsequently, samples were digested and liquid chromatography-based approach was performed to 

determine relative protein levels using label-free proteomics. A paired t-test followed by a Benjamini & 

Hochberg correction was used to determine differentially regulated proteins in the LDF between Mtb-

infected hMDMs compared to uninfected hMDMs (p<0.05). Depicted is the list of significantly 

regulated proteins including the log2FC of the mean LFQ intensities in Mtb-infected versus uninfected 

hMDMs (n=5). For the gene names please refer to the UniProt knowledgebase276. Proteins of particular 

interest were also described in the text. 
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Summary 

Mycobacterium tuberculosis (Mtb) is still a major cause of illness and death globally. Better 

understanding of the interaction of Mtb with its primary host cell, the macrophage, could help 

to understand human tuberculosis (TB) pathogenesis. Mtb infection is known to cause 

perturbations in macrophage metabolism, such as accumulation of fatty acids leading to foam 

cell formation. However, the exact metabolic changes during Mtb infection, particularly in 

human macrophages, are not well characterized. Thus, this doctoral study investigates the 

effects of Mtb infection on cellular metabolism in human monocyte-derived macrophages 

(hMDMs). When Mtb is actively replicating in hMDMs, glycolytic metabolism was 

substantially induced as demonstrated by extracellular flux analyses and protein expression 

analyses of glycolytic proteins. Similarly, an increased respiratory metabolism, upregulation of 

mitochondrial ATP production rate as well as an increase in mitochondrial membrane potential 

were observed in hMDMs during Mtb infection. In parallel, RT-PCR and proteomics revealed 

a significant reduction in mitochondrial DNA levels and an increased expression of 

mitochondrial proteins during Mtb infection indicating structural alterations in mitochondria. 

Moreover, Mtb infection increased the dependency of cells on fatty acids, which is in line with 

the increased expression of proteins involved in peroxisomal and mitochondrial fatty acid 

degradation. Mass spectrometry-based analysis revealed a substantial reduction in total free 

fatty acid levels in Mtb-infected hMDMs, suggesting that fatty acids levels are decreased due 

to enhanced fatty acid degradation. Interestingly, incubating cells with exogenous fatty acids 

induces neutral lipid levels and cell death, and promotes Mtb growth in hMDMs. Importantly, 

however, Mtb infection alone did alter lipid levels on a whole-cell level, which prompted the 

analysis of the subcellular levels of neutral lipids in lipid droplets (LDs). To do so, an LD-

enriched fraction was isolated from hMDMs and its composition compared to other organelle 

fractions using lipidomic and Western Blot analysis. In LDs from Mtb-infected hMDMs, a 

substantial enrichment of triacylglycerols, but also distinct diacylglycerol and cholesterol 

esters, was detected. Analyzing the protein composition of LDs from Mtb-infected hMDMs 

revealed alterations in the enrichment of proteins involved in RNA metabolism and cytoskeletal 

arrangement, but also of proteins involved in the immune response, such as type-1 interferon 

signaling. Taken together, these data suggest that LDs not only act as lipid stores but also seem 

to be involved in the immune cell signaling during an Mtb infection. In conclusion, this doctoral 

study revealed that Mtb infection induces a significant metabolic reprogramming of glycolytic, 

respiratory and fatty acid metabolism, which might facilitate Mtb growth in primary human 

macrophages. 
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Zusammenfassung 

Mycobacterium tuberculosis (Mtb) gehört nach wie vor zu den Hauptkrankheits- und 

Todesursachen weltweit. Ein besseres Verständnis der Interaktion von Mtb mit seiner primären 

Wirtszelle, dem Makrophagen, könnte dazu beitragen, die Pathogenese der Tuberkulose (TB) 

genauer zu verstehen. Es ist bekannt, dass eine Mtb-Infektion zu Störungen des 

Makrophagenstoffwechsels führt, was die Anhäufung von Fettsäuren und die Bildung von 

Schaumzellen fördert. Die genauen Veränderungen des Metabolismus während einer Mtb-

Infektion, insbesondere in humanen Makrophagen, sind jedoch nicht gut charakterisiert. In 

dieser Doktorarbeit werden daher die Auswirkungen einer Mtb-Infektion auf den 

Zellstoffwechsel in primären humanen Makrophagen (hMs) untersucht. Wenn Mtb aktiv in 

hMs repliziert, wurde ein erheblich gesteigerter glykolytischer Stoffwechsel festgestellt, wie 

extrazelluläre Fluxanalysen und Proteinexpressionsanalysen von glykolytischen Proteinen 

zeigten. Gleichzeitig wurden in hMs während der Infektion auch eine erhöhte Respiration und 

eine Hochregulierung der mitochondrialen ATP-Produktionsrate, sowie des mitochondrialen 

Membranpotenzials beobachtet. Darüber hinaus erhöhte die Mtb-Infektion die Abhängigkeit 

der Makrophagen von Fettsäuren, sowie die Expression von Proteinen des peroxisomalen und 

mitochondrialen Fettsäureabbaus. Massenspektrometrische Analysen ergaben eine erhebliche 

Reduktion der freien Fettsäuren in Mtb-infizierten hMs, was auf einen verstärkten 

Fettsäureabbau hindeuten könnte. Interessanterweise führte die Inkubation von Mtb-infizierten 

Zellen mit exogenen Fettsäuren zu einer Anreicherung von Neutrallipiden und erhöhtem 

Zelltod, was das Mtb-Wachstum fördert. Eine Mtb-Infektion alleine, führte jedoch nicht zu 

einer Anreicherung von Neutrallipiden auf Gesamtzellebene. Deshalb wurden die subzelluläre 

Konzentration von Lipiden in den primären Lipidspeicherorganellen, den Lipidkörpern (LKs), 

analysiert. Zu diesem Zweck wurde eine mit LKs angereicherte Fraktion aus hMs isoliert und 

die Zusammensetzung mit anderen Organellfraktionen mittels Lipidom- und Western-Blot-

Analysen verglichen. In den LKs führte eine Mtb-Infektion zu einer erheblichen Anreicherung 

sowohl von Di- und Triacylglyceriden, als auch von Cholesterolestern. Mittels Proteom-

Analysen wurden nach der Mtb-Infektion eine veränderte Anreicherung von Proteinen, die 

unter anderem an Immunantworten und am RNA-Metabolismus beteiligt sind, in LKs 

festgestellt. Die Daten dieser Arbeit deuten darauf hin, dass LKs nicht nur als Lipidspeicher 

fungieren, sondern auch an der Regulation der Immunantwort während einer Mtb-Infektion 

beteiligt sind. Zusammenfassend zeigt diese Doktorarbeit, dass eine Mtb-Infektion zu einer 

Umprogrammierung des glykolytischen und respiratorischen Metabolismus führt. Insbesondere 

die Veränderungen des Fettsäurestoffwechsels können dabei einen positiven Einfluss auf das 

Mtb-Wachstum in primären humanen Makrophagen haben.  
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2-DG 2-deoxyglucose 

3-PG 3-phosphoglycerate 

AB Antibody 

ACAD Acyl-CoA dehydrogenase 

ACAT Acyl-CoA:cholesterol acyltransferase 

ACC Acetyl-CoA carboxylase 

ACN Acetonitrile 

ACOT Acyl-CoA thioesterase 

ACOX Acyl-CoA oxidases 

ACSL Long-chain acyl-CoA synthetase ligase 

ADP Adenosine 5′ diphosphate 

ADPK ADP-dependent glucokinase 

AHRGAP45 Rho GTPase-activating protein 45 

AKR1A1 Aldo-keto reductase family 1 member A1 

ALDH2 Aldehyde dehydrogenase 

AM Alveolar macrophage 

ANOVA One-way analysis of variance 

ATCC American Type Culture Collection 

ATGL Adipose triglyceride lipase 

ATP Adenosine 5′ trisphosphate 

ATPGK ADP-dependent glucokinase 

B2M Beta-2 microglobulin 

BCA Bicinchoninic acid 

BCG Bacillus Calmette-Guerin 
BHT 2,6-di-tert-butyl-4-methylphenol 

BSA Bovine serum albumin 

C Cytochrome C 

CAL Calreticulin 

CAN Acetonitrile 

CCE Counterflow centrifugal elutriation 

CD Cluster of differentiation 

CE Cholesterol ester 

Cer Ceramide 

CFU Colony forming units 

CH2N2 Diazomethane 

CHCl3 Chloroform 

CL Cardiolipin 

CoA Coenzyme A 

COVID-19 Coronavirus disease 

CPT1 Carnitine-palmitoyl transferase 

CRAT Carnitine acetyltransferase 

DAG Diacylglycerol 

DBNL Drebrin-like protein 

ddH2O double-distilled hydrogen dioxide 

DECR1 2,4-dienoyl-CoA reductase 1 

DGAT Diacylglycerol-O-acyltransferase 

DMSO Dimethyl sulfoxide 

DNA Deoxyribonucleic acid 

DPYSL2 Dihydropyrimidinase-related protein 2 

DTT Dithiothreitol 

ECAR Extracellular acidification 

EIF4A RNA helicase eucaryotic initiation factor 4a 
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ELOVL Elongation of very long chain fatty acids protein 

ER Endoplasmic reticulum 

ERF Endoplasmic reticulum fraction 

ETC Electron transport chain 

ETFA Flavoprotein subunit alpha 

F-1,6-BP Fructose-1,6-biphosphate 

FABP Fatty acid binding proteins 

FADH2 Flavin adenine dinucleotide 

FADS Fatty acid desaturase 

FAO Fatty acid oxidation 

FASN Fatty acid synthase 

FATP Fatty acid transport protein 

FCS Forward scatter 

FFA Free fatty acids 

Fig. Figure 

FITC Fluorescein isothiocyanate 
G-3-P Glycerol-3-phosphate 

GAP Glyceraldehyde-3-phosphate 

GAPDH Glyceraldehyde-3-phosphate dehydrogenase 

GBP Guanylate binding protein  
GLC Gas-liquid chromatography 

GLUT Glucose transporters 

glycoATP Glycolytic ATP 

GPAT Glycero-3-phosphate acyl transferase 

GSH Glutathione 

GTP Guanosine triphosphate 

h Hours 
HADH Hydroxy acyl-CoA dehydrogenase 

HBSS Hank’s buffered salt solution 

HIF Hypoxia-inducible factor 

HK Hexokinases 

hMDM Human monocyte-derived macrophage 

HNRNP Heterogeneous nuclear ribonucleoproteins 

HRP Horseradish peroxidase 

HSL Hormone-sensitive lipase 

IAA Iodoacetamide 

IFIT Interferon induced protein with tetratricopeptide 

repeats 

IFN Interferon 

IFN Interferon 

IL Interleukin 

IMS Inner membrane space 

INH Isoniazid 

IRF  Interferon regulatory factor 

LC Liquid chromatography 

LD Lipid droplet 

LDF Lipid droplet-enriched fraction 

LDH Lactate dehydrogenase 

LFQ Label-free quantitation 

LPC Lysophosphatidylcholine 

LPE Lysophosphatidylethanolamine 

LTBI Latent tuberculosis infection 

m/z Mass–to–charge 

M-CSF Macrophage colony-stimulating factor 

MDR Multidrug-resistant 

MeOH Methanol 
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MF Mitochondrial fraction 

MFI Mean fluorescence intensity 

MHC Major histocompatibility complex 

min Minutes 

mitoATP Mitochondrial ATP 

MnSOD Manganese-dependent superoxide dismutase 

MOI Multiplicity of infection 

MS Mass spectrometry 

Mtb Mycobacterium tuberculosis 

MTBE Methyl- tret- butyl ether 

MTFP1 Mitochondrial fission process protein 1 

MX1 Interferon-induced GTP-binding protein 

Mx1  
NADH Nicotinamide adenine dinucleotide 

NADPH Nicotinamide adenine dinucleotide phosphate 

NaOH  Sodium hydroxide 

O2 Oxygen 
OA Oleic acid 

OAS2 Oligoadenylate synthetase 2 

OCR Oxygen consumption rate 

OD Optical density 

OXPHOS Oxidative phosphorylation 

P/S Penicillin/Streptomycin 

PA Phosphatidic acid 

PBMC Peripheral blood mononuclear cell 

PBS Phosphate-buffered saline 

PC Phosphatidylcholine 

PDH Pyruvate dehydrogenase 

PE Phosphatidylethanolamine 

PFA Paraformaldehyde 

PFK Phosphofructokinase 

PG Phosphatidylglycerol 

PGK Phosphoglycerate kinase 

Phox NADPH phagocyte oxidase 
PI Phosphatidylinositol 

PK Pyruvate kinase 

PL Phospholipid 

PLAUR Urokinase plasminogen activator surface 

receptor 

PLIN Perilipin 

PMN Polymorphonuclear neutrophil 

PNPT1 Polyribonucleotide nucleotidyltransferase 1 

PPP Pentose phosphate pathway 

PS Phosphatidylserine 

PSMB Proteasome 20S subunit beta 9 and 10 

PVDF Polyvinylidene fluoride 

PWE Pathway enrichment 

RAB Ras-related protein Rab 

rcf Relative centrifugal force  

Rho123 Rhodamine 123 

RIF Rifampicin 

RNP Ribonucleoproteins 
ROS Reactive oxygen species 

rpm Rotations per minute 

RR Rifampicin-resistant 
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RT Room temperature 

RT-PCR Real-time PCR 

SARS-CoV-2 Severe acute respiratory syndrome – coronavirus 

2 

SDS-PAGE Sodium dodecyl-sulfate polyacrylamide gel 

electrophoresis 

SEM Standard error of the mean 
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